City University of New York (CUNY)

CUNY Academic Works
Dissertations, Theses, and Capstone Projects

CUNY Graduate Center

9-2019

The Evolution of Reproductive Complexity in Fishes
Frieda Benun
The Graduate Center, City University of New York

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/gc_etds/3470
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

THE EVOLUTION OF REPRODUCTIVE COMPLEXITY IN FISHES

By

FRIEDA BENUN

A dissertation submitted to the Graduate Faculty in Biology in partial fulfillment of the
requirements for the degree of Doctor of Philosophy, The City University of New York

2019

© 2019
FRIEDA BENUN
All Rights Reserved

ii

The Evolution of Reproductive Complexity in Fishes
By
Frieda Benun

This manuscript has been read and accepted for the Graduate Faculty in Biology in satisfaction
of the dissertation requirement for the degree of Doctor of Philosophy.

________________________

____________________________________

Date

Dr. Anthony B. Wilson
Chair of Examining Committee

________________________

____________________________________

Date

Dr. Cathy Savage-Dunn
Executive Officer

Examination Committee:
Dr. Jennifer Basil
Dr. David Lahti
Dr. Nicholas Santangelo
Dr. Hope Klug

THE CITY UNIVERSITY OF NEW YORK

iii

The Evolution of Reproductive Complexity in Fishes
By
Frieda Benun
Advisor: Anthony B. Wilson

ABSTRACT
How does reproductive complexity evolve? In this dissertation, I investigate the evolution
of parental investment and mating behavior, using both macro- and microevolutionary lenses. I
use fishes, the most diverse group of vertebrates, comprising over 30,000 species, as a model to
study the evolution of these traits.
In Chapter 1, I introduce the evolution of parental behaviors in fishes, and I explore how
fishes, in contrast to other animal groups, have repeatedly evolved paternal care. I present a
systematic review of parental care for 294 families (close to 60%) of bony fish and show that
male-only care is the predominant form of care in this group. I summarize current theories on
parental care, emphasizing external fertilization, certainty of paternity, and territoriality as
important factors in the evolution of male care, and internal fertilization as an important
precursor to the evolution of female care. I review the social, neural, and physiological
mechanisms underlying care behaviors. Finally, I highlight the cichlid model as a useful system
in which to study both the proximate and ultimate causes of parental care.
In Chapter 2, I explore the evolution of parental care and the prevalence of male-only
care in bony fishes. Using the most complete phylogeny of bony fishes to date, I show that the
opportunity for external fertilization in aquatic environments is a key driver of male parental care
in this group. By moving the control of reproduction outside the female reproductive tract,
iv

external fertilization increases male confidence in paternity. Paternal care has evolved over 30
times independently in fish and is found only in pair-spawning species, where parentage
confidence is high. I also demonstrate that females must trade off care against other forms of
reproductive investment, while males are not similarly constrained, creating conditions under
which both the costs and benefits of care favor paternal investment.
In Chapter 3, I investigate the evolution of biparental care in Cichlidae. I show that
evolutionary transitions between biparental and maternal care have occurred frequently,
highlighting the evolutionary lability of care in this group. I demonstrate that biparental care is
associated with substrate guarding, suggesting that males participate in care when they can
benefit from the multiple mating opportunities associated with guarding. Consistent with my
findings in Chapter 2, I show that females must trade off care against the number of eggs
produced, but that male participation in care can help to offset the costs of female reproduction,
allowing for larger clutches. Joint parental care is also associated with extended care duration,
suggesting that both parents care when offspring require longer periods of parental investment.
Chapters 4 and 5 focus on the evolution of reproductive complexity in the male pregnant
pipefish, Syngnathus fuscus. In Chapter 4, I quantify maternal and paternal investment in
offspring and test whether relative parental investment predicts intensified sexual selection on
females in this group. By weighing newly fertilized and mature embryos, I show, contrary to my
predictions, that female care exceeds that of males in this species. I also demonstrate that despite
a moderately complex brood pouch, male pregnancy in S. fuscus does not include active
provisioning to embryos. Comparison to other pipefish species shows that S. fuscus eggs
represent some of the smallest in this group, suggesting that this species employs the “quantity
over quality” approach, producing many small offspring.

v

In Chapter 5, I show that Syngnathus fuscus males, despite having some of the largest
brood sizes of any pipefish species, consistently mate monogamously across the season. I use
molecular markers to reconstruct the number of mothers contributing to the broods of fieldcaught males, and find that multiple mating among males is rare and occurs only towards the end
of the breeding season. I suggest that sex ratio dynamics may influence male monogamy. I also
propose that sexual size dimorphism may be responsible for the mating patterns in S. fuscus, as
sampled females are larger than males and can fill an entire brood pouch of a male throughout
most of the season.
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PREFACE
An introduction to sexual reproduction
Sexual reproduction refers to the production of offspring via the union of two distinct
parental cells (i.e. gametes), whereas asexual reproduction results in offspring from a single
parental cell (Neiman and Jokela, 2010). The prevalence of sexual reproduction has long puzzled
scientists, as a number of stark disadvantages stand out when this mode of offspring production
is compared to asexual production (“the paradox of sex,” Otto and Lenormand, 2002). Two costs
have been noted in particular. First, finding another individual with whom to mate and the act of
mating itself require time, energy, and resources (Kodric-Brown and Brown, 1987). Second,
asexual females produce only daughters, whereas sexual females produce both daughters and
sons, the latter of which do not bear their own offspring. Asexual organisms are thus considered
to be twice as efficient at producing descendants (i.e. “two-fold cost of males,” Williams, 1975;
Maynard Smith, 1977). Given the lower per capita reproductive output of sexually reproducing
species, sexual reproduction should be an evolutionary dead-end (Otto and Lenormand, 2002).
Contrary to this expectation, sexual reproduction is found, at least occasionally, in almost
all eukaryotic taxa (Neiman and Jokela, 2010). Given this paradox, Weismann (1887) concluded,
“we are led to the conviction that sexual propagation must confer immense benefits upon organic
life.” He proposed that the phenotypic variation in progeny that results from sexual reproduction
is the main advantage of sex, providing “furnishing material” on which natural selection can
operate (Weismann, 1887; Kondrashov, 1993). Genetic variability has also been understood to
confer an immediate advantage, as a greater proportion of genetically diverse offspring are more
likely to succeed in a variable environment (Kodric-Brown and Brown, 1987). Bernstein et al.
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(1981) also proposed that the opportunity for genetic repair afforded by the recombination of
DNA was a driving force in the evolution of sexual reproduction.
Whatever the advantages, sexual reproduction has transformed morphological,
physiological, and behavioral patterns across living organisms. The evolution of sex brought
with it two phenomena in particular: first, the development of mating (i.e. the union of two
individuals for the purposes of gamete exchange), and second, the evolution of anisogamy (i.e.
sexual reproduction with dissimilar gametes; Kodric-Brown and Brown, 1987).

Mating
Mating is a hallmark feature of sexual reproduction (although hermaphroditic organisms,
producing both male and female gametes, do not need a partner to reproduce). The union of
genetic material from different individuals is an ancient process that occurs across the tree of life,
from bacteria to algae to animals (Kodric-Brown and Brown, 1987). Bacterial mating does not
involve gametes, and typically entails the transfer of portion of DNA from a donor individual to
a recipient (also known as conjugation; Otto and Lenormand, 2002). In eukaryotes, on the other
hand, mating involves the fusion of two separate haploid genomes (i.e. syngamy). Unicellular
organisms are typically isogamous, and fusing gametes are morphologically similar, while
anisogamy (i.e. gamete dimorphism) is common in multicellular organisms (Bell, 1978). Parker
et al. (1972) argued that anisogamy is necessary in multicellular organisms, as a large, energyrich gamete is necessary to propel the rapid growth and differentiation that follows fertilization.
Unicellular organisms, in contrast, undergo minimal growth and differentiation following fusion,
and do not require the energetic reserves afforded by larger gametes. This pattern has been well
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studied in algae, where more morphologically complex species are anisogamous, whereas
species with less structural differentiation are isogamous (Bell, 1978).
Mating need not involve direct sexual encounters, and may occur through third-party
mediation. In plants, for example, the fusion of gametes often involves wind or animal transfer of
pollen (Nilsson et al., 1992). In many fungi groups, a bridge is formed between mates to allow
for the fusion of gametes (Burnett, 1956). In animals, two discrete modes of mating exist:
external fertilization, where gametes fuse outside of the parents’ bodies, and internal fertilization,
in which gametes from one individual are directly deposited on or into the body of a second
individual (Gross and Shine, 1981). Mating systems in animals have traditionally been defined
by the number of mating partners an individual has. Polygamy, where each individual has
multiple mates, is considered the norm in animal taxa (Kvarnemo, 2018). Within polygamy,
there may be sex-specific patterns: polygyny, in which each male mates with multiple females,
and polyandry, where each female mates with multiple males. Monogamy refers to a system in
which each individual mates with one partner, either within a single reproductive cycle or
throughout an entire lifetime (Kvarnemo, 2018).

Parental investment
In anisogamous species, one parent contributes both genetic information and the
resources necessary for post-fertilization growth, whereas the other parent contributes little more
than genetic material (Kodric-Brown and Brown, 1987). The evolution of anisogamy resulted in
two sexes of individuals: one producing large, energy-rich gametes (in animals, the female egg),
and the other responsible for small, energy-poor gametes (i.e. male sperm). This major
dichotomy in parental investment between the sexes is thought to be responsible for sexual
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selection, in which traits are selected through competition for mates and mate choice (Agrawal,
2001). Bateman (1948) hypothesized that male competition and female choice stemmed from the
differences in the variance of reproductive success between the sexes. Male reproductive success
increases with the number of matings, while female reproductive success often does not (rather,
it is limited by gamete production; Bateman, 1948, but see Tang-Martinez, 2012). Trivers (1972)
expanded on Bateman’s work, proposing that the relative differences in parental investment
between the sexes drive mating competition and choice. Trivers (1972) argued that parental
investment (including both pre-fertilization investment in gametes and post-fertilization care of
offspring), when unequal between the sexes, will create an imbalance in which the higherinvesting sex is a limiting resource for the sex investing less, leading the latter to compete for
access to the limited sex.
In this dissertation, I explore the evolution of mating behavior and parental investment in
fish, the most diverse group of vertebrates. I discuss the implications of sexual selection on these
traits, as well as the evolutionary costs and benefits of each. Throughout this work, I aim to
understand the factors associated with the evolutionary complexity of these reproductive
behaviors.
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CHAPTER 1
INTRODUCTION TO PARENTAL BEHAVIOR IN BONY FISHES

This chapter has been published as:
Benun Sutton, Frieda and Anthony B. Wilson. 2018. "Parental Behavior in Fish." In
Encyclopedia of Reproduction (Second Edition), edited by Michael K. Skinner, 106-114. Oxford:
Academic Press. Available at: https://doi.org/10.1016/B978-0-12-809633-8.20542-6.
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ABSTRACT
Fish are the most diverse group of vertebrates, and exhibit a remarkable diversity of
parental care behaviors, ranging from nesting and mouthbrooding to internal gestation and male
pregnancy. Fish differ from most other groups of vertebrates in that males are often the primary
caregiver, a factor that has made this group particularly important in studies of the ecology and
evolution of parental care. We summarize current theories on the evolution of care, discuss the
social, neural and physiological mechanisms underlying care behaviors, and discuss how recent
methodological innovations are contributing to a clearer understanding of how and why parental
care evolves.
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INTRODUCTION
Fish are the most diverse group of vertebrates, and include more than 33,000 species
exhibiting a remarkable diversity of parental care behaviors (Froese and Pauly, 2017). While
exclusive paternal care is rare in birds and absent in mammals, more than a quarter of fish
families exhibit male-only care (Figure 1.1), a factor that has made this group a central model in
the study of the ecology and evolution of parental care. For the purposes of this article, parental
care is considered to be any parental behavior toward offspring that enhances offspring survival.
While parental investment in gametes is thought to be a primary determinant of offspring
success, parental care behaviors after mating are often essential for offspring growth and survival
(Blumer, 1982).

TRENDS IN PARENTAL CARE IN FISH
Ecological Overview of Care
Over 95% of caregiving fish species are guarders, where one or both parents defend the
nesting site (Gross and Sargent, 1985). Other common forms of care include nest maintenance
during offspring development, substrate cleaning, in which the site of egg deposition is cleaned,
and fanning, in which the parent waves its fins over developing offspring to provide aeration or
to remove sediment. A number of groups of fishes employ mouthbrooding, in which one or both
parents carry developing offspring in their oral cavity. While the male is the sole care provider in
the majority of fish species in which care has been documented (Figure 1.1), internal gestation
(retention of fertilized eggs within a brooding organ) is typically carried out by the female, with
the notable exception of the male-pregnant syngnathids (seahorses, pipefish, and seadragons
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(Stölting and Wilson, 2007). In most cases of care in fish, parents care for fertilized eggs before
hatching; less than six percent of care extends to fry and juveniles (Gross and Sargent, 1985).
Interestingly, there is a major difference in the frequency of parental care in marine and
freshwater environments, and while less than 20% of marine fish display care, parental care is
found in more than 50% of freshwater species (Gross and Sargent, 1985). The pelagic egg stage
that is commonly found in marine fishes has been suggested to obviate the need for care in this
group, as the open sea is a more uniform environment with fewer egg predators and a higher egg
survival rate relative to freshwater (Clutton-Brock, 1991). Guarding and nest building are
thought to be more beneficial in freshwater environments, as favorable spawning sites are less
abundant and unevenly distributed (Clutton-Brock, 1991). Care is especially uncommon in fish
greater than 10 cm in length, possibly because larger fish tend to produce large numbers of
pelagic eggs, whereas smaller fish produce fewer eggs that can be protected by small caves and
cavities in the local environment (Clutton-Brock, 1991).

Phylogenetic Overview of Care
The role of evolutionary history is an important component in the study of any aspect of
life history, including parental care, and incorporating phylogenetic relationships can help to
clarify the major trends and drivers of caring behavior. Given their great diversity of care forms,
bony fishes represent an ideal model in which to test evolutionary models of parental care. The
last comprehensive review of parental care in fish was carried out by Blumer in 1982, and while
subsequent studies have investigated evolutionary correlates of care in particular groups (e.g.
Goodwin et al. (1998), Ah-King et al. (2005), Mank et al. (2005), and Kolm et al. (2006a)),
there has been no systematic attempt to update Blumer’s analysis, despite the steady
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accumulation of studies detailing care behaviors in a wide variety of fish species. At the same
time, the phylogeny of fish is better resolved than at any time in the past (e.g. Betancur-R et al.,
2017), due to the availability of genetic and genomic data for many species.
Here, we present the results of a systematic and comprehensive review of parental care in
fish. Relying heavily on the public collection of life history data in Fishbase (Froese and Pauly,
2017), we present data for 294 of 514 bony fish families (Figure 1.2). While our updated review
includes close to 60% of fish families, an examination of the data reveals the overrepresentation
of reproductively unique and commercially important groups (e.g., all but 3 of the 298 species of
male-pregnant Syngnathidae have been investigated, and Cyprinidae, which includes highlyfished species such as carp, represent a large portion of parental care studies), highlighting the
fact that unstudied groups may show cryptic diversity in care behaviors. For instance, recent
work on Antarctic icefishes (Family Harpagiferidae) has revealed a wide range of parental
behaviors in this group, including male, female, and biparental care (Detrich et al., 2005),
underscoring the need for continued research into the basic life history of many groups. Given
the high taxonomic diversity of fish, we summarize data on an ordinal level (with the exceptions
of Elopomorpha, Carangia, Eupercaria, Ovalentaria, sensu Betancur-R et al., 2017). Chapters 2
and 3 of this thesis include more detailed analyses of evolutionary trends in the parental care of
fish.

THE EVOLUTION OF PARENTAL CARE IN FISH
Several explanations have been proposed to explain both the ecological and phylogenetic
distribution of care behaviors in fish (e.g. Gross and Sargent, 1985; Wourms and Lombardi,
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1992; Goodwin et al., 1998; Ah-King et al., 2005; Mank et al., 2005). Here we review several
prominent theories and their implications for understanding the evolution of parental care.
Anisogamy
Anisogamy, a reproductive system characterized by differentially-sized male and female
gametes, has traditionally been invoked to explain sex differences in parental care and the
widespread existence of maternal care across many animal species (Liker et al., 2015). Whereas
females typically invest large amounts of energy into egg production, sperm production by males
is relatively inexpensive (Liker et al., 2015). Trivers (1972) argued that the large initial
investment by females in gamete production should encourage additional investment after
fertilization. Despite its popularity, this argument has been criticized on both theoretical and
empirical grounds (Dawkins and Carlisle, 1976; Kokko and Jennions, 2008; Liker et al., 2015),
as optimal decision making should be based on future costs and benefits, not on past investment
(Kokko and Jennions, 2008). Additionally, while the anisogamy argument predicts a high
prevalence of maternal care compared to paternal care, resulting from females’ costly gametes,
this prediction fails to explain the prevalence of male care in fish.
Anisogamy can, however, indirectly influence the distribution of care, as it generally
creates a male-biased operational sex ratio in which males are nearly always available to mate,
whereas females typically require more time to replenish their egg supply following fertilization
(Kokko and Jennions, 2008). In a scenario in which females are scarce due to their reduced
potential reproductive rate, the opportunity for additional matings by males may be limited.
Under such conditions, recently mated males may enhance their reproductive success more by
caring for a current brood than by seeking new mating partners (Kokko and Jennions, 2008).
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Aquatic Environment and External Fertilization
One of the primary factors that sets fish reproduction apart from that of most other
animals is the fact that it takes place in an aquatic environment. While aquatic species can
release free-swimming gametes into the water column, terrestrial reproduction requires internal
fertilization to ensure gamete motility and survival (Gross and Sargent, 1985). Our analysis
shows that external fertilization is the dominant mode of reproduction in fish (Figure 1.2), and
highlights a clear pattern of sexual dimorphism in care behaviors. External fertilization without
care has independently given rise to male care at least 22 times within the ray-finned fishes,
while males provide care in only three families in which fertilization is internal: Apogonidae,
Pantodontidae, and Cottidae (included in Figure 1.2 under Eupercaria, Kurtiformes and
Osteoglossiformes, respectively; Gross and Sargent, 1985). Conversely, maternal care has arisen
only three times from external fertilization in the ray-finned fishes, but represents close to 90%
of care in internal fertilizers (Gross and Shine, 1981; Mank et al., 2005), highlighting a strong
association between fertilization and parental care in this group. Interestingly, internal
fertilization is found in all Chondrichthyans (sharks, skates and rays), and there are no instances
of male parental care in this group (Wourms and Lombardi, 1992).
Recent phylogenetic work has rejected the hypothesis that biparental care serves as an
evolutionary stepping stone from male-only to female-only care, a widely held notion in the
latter half of the 20th century (e.g. Gittleman, 1981). Rather, data suggest two major
evolutionary pathways from the basal state of external fertilization and no care: either male care
evolves directly from this state, or internal fertilization evolves, followed by female care (Mank
et al., 2005).

7

Certainty of Paternity
Parental care is not expected to evolve under conditions in which the parent has a low
likelihood of genetic relatedness to his or her brood (Kokko and Jennions, 2008). Both males and
females, therefore, are expected to be more likely to invest in offspring when parentage is
assured. The theory of reproductive optimization predicts that males should reduce their
investment in a brood of doubtful paternity only if they can ensure a higher confidence of
parentage in future broods (Kokko and Jennions, 2008). When paternity confidence varies across
broods, fish can dynamically alter their reproductive investment based on perceived paternity.
Research on bluegill sunfish indicates that males adjust their level of parental care based on
olfactory and visual cues of cuckholders and fry (Neff, 2003).
When one looks more closely at externally fertilizing species, a striking pattern emerges.
Paternal care is prevalent in pair spawners, in which a single male and female mate by releasing
their gametes externally, but is absent in group spawners, in which multiple males and females
simultaneously release their gametes into the water column (Ah-King et al., 2005). The
simultaneous release of gametes in group spawners reduces confidence in paternity, and is
thought to retard the evolution of parental care (Ah-King et al., 2005). The potential relationship
between parental investment and mating system is particularly intriguing, as the latter can vary
widely across a single species and is linked to ecological parameters (Emlen and Oring, 1977),
suggesting that environmental factors may indirectly influence care behaviors.

Territoriality
The anisogamy argument has also been used to explain the abundance of territorial males
in nature (Kokko and Jennions, 2008). Females are reproductively limited by gamete production,
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whereas males are mate-limited. By controlling a prime breeding site, a male can attract multiple
females and increase his mating success. When males actively defend territories, the guarding of
eggs may not require significantly more energy or limit additional mating opportunities (Gross
and Sargent, 1985), making it a cost-effective means of increasing offspring survival.
Territoriality also increases a male’s confidence in the paternity of his guarded eggs (Ah-King et
al., 2005), and while sneaker or satellite males may successfully fertilize a proportion of a
territorial male’s clutch in some species, the sneaker fertilization rate is typically much lower
than that of the dominant male (Dewoody and Avise, 2001). If territorial males mate with
multiple females, females are expected to be less likely to engage in care, due to their reduced
relatedness to the genetically mixed clutch (see “Certainty of Paternity”).

Internal Fertilization
While internal fertilization is a derived state in fish and requires extensive specialization,
it can provide greater reproductive security, especially in unpredictable habitats or fast-moving
waters such as streams (Meyer and Lydeard, 1993). Under such conditions, the evolution of
sperm localization toward potential mates, and ultimately internal fertilization, has clear adaptive
benefits. Once internal fertilization has evolved, the progression to female care is achieved by
extending the time that the female retains the eggs after fertilization (Rosen, 1962). Prolonged
egg retention and viviparity (live birth) are thought to evolve when predation risk is high and
resources for young are scarce, enhancing offspring survival at the life stage when mortality is
highest (Stearns, 1976). Internal fertilization can also reduce energetic investment in both male
and female gonadal development, as fewer gametes are needed to ensure successful fertilization
when sperm are transferred directly to eggs (Buckland-Nicks and Scheltema, 1995). Maternal
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care through egg retention in its most primitive form is lecithotrophic, a form of care in which
offspring are provisioned solely by the yolk. In more advanced forms of care, females may
provide a supply of nutrients to the offspring from fertilization until their release (i.e.
matrotrophy) (Wourms, 1981; Wourms and Lombardi, 1992; Reznick et al., 2002).

MATERNAL CARE IN FISH: THE EXCEPTION PROVES THE RULE
Poeciliidae
While maternal care is relatively uncommon in most families of bony fish, it is the norm
rather than the exception in the poeciliids, a family of close to 350 freshwater species (Froese
and Pauly, 2017). Nearly all species in this family (which includes the well-known guppies and
swordtails) are viviparous, and poeciliids have evolved a specialized placental organ that is
similar in both structure and function to the well-characterized mammalian placenta (Reznick et
al., 2002). The high incidence of female care in poeciliids may represent a strategy to minimize
reliance on a limited resource (i.e., spawning and nesting territory) through internal fertilization
and gestation of young. Comparative work indicates that placentation in poeciliids is correlated
with increased reproductive output during early life and shorter interbirth intervals, highlighting
some of the potential benefits of maternal care in this group (Pires et al., 2011).

Chondrichthyes
Viviparity (live bearing) has also evolved repeatedly in Chondrichthyes, the cartilaginous
fishes, where over half of all species are live bearers, whereas the phenomenon occurs in less
than 3% of Osteichthyes (Wourms and Lombardi, 1992). Chondrichthyan eggs are non-buoyant
and thus unsuited for pelagic environments, and as many chondrichthyans are physiologically
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limited in the number of eggs they can produce, the transition to viviparity is not thought to be
associated with a significant loss in fecundity (Wourms and Lombardi, 1992). Higher survival
rates of live-borne offspring suggest a clear selective advantage for viviparity in this group.
Wourms and Lombardi (1992) suggested that internal egg development also enables viviparous
sharks and rays to colonize pelagic zones that are unavailable to egg-laying relatives.

PROXIMATE MECHANISMS OF PARENTAL CARE
While parental care has evolved independently multiple times in the bony fishes, caring
species exhibit physiological similarities in the function and maintenance of care behaviors.
Recent research has targeted hormonal, neural, and social control as three major proximate
mechanisms underlying parental care in the group.

Hormonal Control
Prolactin
The hormone prolactin influences a wide variety of functions across vertebrates, and is
particularly well known for its regulatory role in human pregnancy and milk production
(Freeman et al., 2000). In line with its regulatory activity in the mammalian placenta, prolactin is
an important molecule in producing and maintaining the placenta-like brooding pouch in male
seahorses. Male pregnancy in the seahorse is under the control of the prolactin-producing
pituitary gland, and the detrimental reproductive effects induced by the removal of the pituitary
are diminished following the experimental administration of prolactin (reviewed in Whittington
and Wilson, 2013). Similarly, female pregnancy in Gambusia poeciliids appears to be under
pituitary control; removal of the gland in early pregnancy causes almost complete offspring
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mortality, however no significant effects result from its removal in late pregnancy (Chambolle,
1964). Prolactin has also been shown to play a role the production of mucous, an essential
component of offspring protection and nutrition in many types of piscine care (Whittington and
Wilson, 2013). The multifunctional prolactin has been implicated in many other forms of fish
parental care, including fanning, mouthbrooding, and guarding (reviewed in Whittington and
Wilson, 2013).

Androgens
Androgen sex steroid hormones such as testosterone play an important role in the
regulation of male reproductive traits. These hormones are often associated with male aggression
and are thought to be antagonistic in regard to caring behavior (Scobell and Mackenzie, 2011).
Indeed, 11-ketotestosterone decreases when males enter parental phases in many fish species
(Páll et al., 2002), and the hormone is not detectable in nesting plainfin midshipman males
during offspring care (Knapp et al., 1999). Similarly, male syngnathids (seahorses and pipefish)
exhibit a decrease in androgen levels during brooding (Scobell and MacKenzie 2011). In other
species, however, manipulation of androgen levels does not appear to affect paternal care (Ros et
al., 2004; Dey et al., 2010). The simultaneous maintenance of both high androgen levels and
parental care in some species but not others suggests that endocrine pathways may be utilized
differentially across species.

Neural Control
Evidence from cichlid fishes indicates that parents employ distinct visual and
chemoreceptive cues to recognize their young depending on offspring life stage (Myrberg Jr,
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1966; Dulac et al., 2014). While brain circuitry underlying parental behavior appears to involve
conserved neural regions across vertebrates (Weitekamp and Hofmann, 2017), neural modulation
of care in fish is still not well-characterized. Parental behavior is regulated in part by the preoptic
area in the brain, a region that modulates the expression of the neuropeptides vasotocin and
isotocin and has been implicated in care and bonding behavior in mammals (Bass and Grober,
2001). Many species of fish exhibit differential expression of preoptic vasotocin depending on
reproductive status (Bass and Grober, 2001), and the disruption of preoptic isotocin receptors in
male convict cichlids eliminates paternal care (O'Connell et al., 2012). The mammalian
homologues of vasotocin and isotocin (vasopressin and oxytocin, respectively) also play a key
role in regulating parental care (Dulac et al., 2014), highlighting the convergent neural pathways
underlying parental behavior in vertebrates.

Social Control
Individuals of many species of fish show two or more reproductive phenotypes across
their lives. Transformations of sex and dominance in such species can have significant
implications for the control of parental care mechanisms, as these plastic identities are often
associated with distinct forms of care (Bass and Grober 2001), suggesting that care may be
socially regulated. Male fish in many species start out as non-caring sneaker or satellite morphs,
relying on huge gametic output to covertly fertilize eggs without the knowledge of the female or
dominant parental male (Taborsky, 1994; see discussion above). Reproductive tactics in such
species are often socially dependent, however, and the removal of the dominant male can create
a cascade of sexual changes within a social group in which a subordinate individual, whether
female or sneaker male, will quickly develop physically and behaviorally into the dominant male
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(Bass and Grober 2001). The ability to transform a suite of reproductive characteristics including
care based on social cues suggests that parental behavior in such species may be highly labile.
Fish displaying alternative reproductive tactics are ideal candidates for exploring the
mechanisms underlying parental care, owing to their context-dependent morphs that can be
experimentally manipulated.

NEW METHODOLOGIES, NEW PERSPECTIVES: THE CICHLID MODEL
Cichlids (Family Cichlidae) have proven to be a remarkably useful system in which to
explore both the proximate (immediate biological) and ultimate (long-term evolutionary) causes
of parental care. This family comprises over 3000 species and boasts a wide range of care types
including nest-guarding, ectodermal feeding, and mouthbrooding and exhibits male, female, and
biparental care (Blumer, 1982; Goodwin et al., 1998; Kocher, 2004). Social and reproductive
behaviors vary broadly as well; care has been found in monogamous and polygamous species,
and in single-pair breeders and cooperative groups (Goodwin et al., 1998; Taborsky, 2016).
Perhaps most significant, decades of scientific interest in cichlid evolution and behavior has
resulted in a plethora of data and molecular tools that can be used to investigate key aspects of
parental care in this group. Such studies have led to the characterization of behavior, ecology,
and phylogenetic history in many cichlid species (e.g. (Axelrod and Burgess, 1983; Salzburger et
al., 2005), enabling the elucidation of drivers and consequences of parental care (Goodwin et al.,
1998; Kolm et al., 2006a). In a recent illustration of the power of a comparative approach, Kolm
et al. (2006a) mapped reproductive traits onto the cichlid phylogeny and found that contrary to
model predictions, the duration of parental care in cichlids correlates not with egg size, but rather
with the total number of offspring in a clutch.
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Cichlids also show the highest frequency of cooperative breeding of fishes, a form of
reproduction in which offspring are cared for by both parents and non-parental helpers (Taborsky
2016). Parental and helper behaviors in lamprologine cichlids are ecologically dependent and
influenced by a range of factors such as predation threats and territory availability (Taborsky
2016). Long-term field and laboratory studies and experimental manipulation in this system have
provided a detailed understanding of intricate relationships such as task specialization and
reciprocal trading among group members (Taborsky 2016).
The recent sequencing of multiple cichlid genomes has significantly enhanced our
understanding of the highly diversified East African cichlids, highlighting genome duplication
and accelerated evolutionary rates as drivers of rapid adaptive radiations (Brawand et al., 2014).
Parental care has been cited as one of the components of cichlid biology conducive to rapid
speciation (Henning and Meyer, 2014). Genomic tools are likely to be instrumental in
establishing a more mechanistic understanding of reproductive behavior (e.g. Bendesky et al.,
2017), and the combination of detailed ecological data and genomic resources makes the cichlids
an ideal candidate for such work.
In a particularly elegant recent study, Juntti et al. (2016) used a multipronged approach to
demonstrate the biochemical, neural, and genetic pathways underlying reproductive behavior in
Astatotilapia burtoni, a mouthbrooding cichlid. The authors experimentally demonstrated that
injection of prostaglandin (a hormone-like lipid) induced spawning behavior in non-fertile
females. Next, they identified the neural circuitry responsible for signal production and
characterized how prostaglandin acts on the brain. Finally, they used CRISPR/Cas9 gene editing
to delete the prostaglandin receptor gene, which prevented female spawning. This study
illustrates the value of applying cutting-edge molecular tools to dissect reproductive behavior: by
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taking advantage of the cichlid’s laboratory tractability, physiological data, and genomic
resources, researchers characterized a pathway linking gene activity to reproductive behavior.

CONCLUSION
The cichlid model highlights potentially fruitful strategies for other groups of fishes.
Recent work on the mechanisms of parental care in this group has combined genomic, hormonal,
neural, and behavioral tools, illustrating the multimodal network of controls underlying complex
reproductive behaviors (series Ovalentaria in Figure 1.3; e.g. O’Connell et al., 2012; Juntti et al.,
2016). The combination of detailed studies of functional and physiological mechanisms of care
in a small number of model systems, coupled with higher-level comparative analyses of lifehistory correlates of care, offer the opportunity to translate experimental results into an
evolutionary context, and to link the proximate and ultimate drivers of parental care. We take
advantage of the vast cichlid literature in Chapter 3, in which we investigate evolutionary
correlates of biparental care based on life history data for close to 500 species of cichlids.
While parental care theory saw great progress in the 1970s and 1980s, new data are
contributing to a more nuanced understanding of the evolution of care. We identify three major
developments that are likely to play a central role in the future advancement of the field. First,
general parental care theory will continue to mature through refinement of mathematical models
and empirical testing (Kokko and Jennions, 2008), contributing to a theoretical foundation from
which new models of care can be built. Second, sweeping efforts in genome research have begun
to resolve contested phylogenetic clades, providing a solid evolutionary context in which to
study the origin and diversification of parental care behaviors (e.g. Betancur-R et al., 2017), and
creating new experimental tools for the exploration of reproductive function (e.g. Juntti et al.,
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2016). Finally, online databases such as Fishbase are enhancing the dissemination of a wide
range of biological data including information on reproduction and care, and are helping to
identify understudied groups worthy of further attention. The continued integration of ecological,
evolutionary and molecular data shows terrific promise for clarifying the evolution of parental
care in fish and other reproductively diverse groups of vertebrates.
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FIGURES

Figure 1.1. Phylogenetic distribution of parental care in vertebrates.
Phylogenetic tree showing genetic relationships among major vertebrate groups (After Amemiya
et al. 2013) and relative representation of care behaviors in each group, based on the dominant
mode of care shown at the family level. *Note: Alternative forms of avian care (brood
parasitism, cooperative breeding) sensu Cockburn (2006) not shown.
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Figure 1.2. Phylogenetic distribution of care in the bony fishes.
Phylogeny of Osteichthyes showing higher-level patterns in the distribution of care and mode of
fertilization. Groups are listed on the ordinal level except in cases of limited phylogenetic
resolution (sensu Betancur-R. et al., 2017). Shaded bars represent the relative frequency of care
behaviors at the family-level within each group. The number of families for which care data are
available is indicated, along with the total number of families per group. Phylogeny is based on
Betancur-R et al. (2017).
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Figure 1.3. The cichlid system as a model for the study of parental care in fish.
We outline three key elements of the cichlid system that have been integral in establishing this
group as a model for parental care. (A) A well-characterized phylogeny provides a solid
foundation for the comparative analysis of life-history data (e.g. Phylogeny of Tanganyikan
cichlids after Meyer et al. 2015). (B) Ecological diversity of care allows the precise
characterization of the proximate and ultimate drivers of care (e.g. Biparental mouthbrooders).
(C) The application of new methods (e.g. Genomics, CRISPR, neurobehavior) facilitates
experimental manipulation, clarifying the underlying genetic mechanisms of care behaviors (e.g.
The CRISPR/Cas9 method uses a naturally occurring form of immune protection in bacteria to
precisely modify target sequences in the target genome; Nødvig et al., 2015).
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CHAPTER 2
WHERE ARE ALL THE MOMS?
EXTERNAL FERTILIZATION PREDICTS THE RISE OF MALE CARE IN BONY
FISHES

This chapter is currently in press as:
Benun Sutton, Frieda and Anthony B. Wilson (in press). "Where are all the moms? External
fertilization predicts the rise of male parental care in bony fishes." Evolution.
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ABSTRACT
Parental care shows remarkable variation across the animal kingdom, but while maternal
and biparental care are common in terrestrial organisms, male-only care dominates in aquatic
species. Using the most complete phylogenetic tree of bony fishes to date, we test whether the
opportunity for external fertilization in aquatic environments can explain the more frequent
evolution of male care in this group. We show that paternal care has evolved at least 30 times
independently in fish and is found only in externally fertilizing species. Male care is positively
associated with pair spawning, suggesting that confidence in parentage is an important
determinant of the evolution of care. Crucially, while female care is constrained by other forms
of reproductive investment, male care occurs most frequently when females invest heavily in
gamete production. Our results suggest that moving control of fertilization outside of the female
reproductive tract raises male confidence in parentage and increases the potential for paternal
care, highlighting that in an aquatic environment in which fertilization is external and males are
free to invest in offspring, paternal care is an effective reproductive strategy.
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INTRODUCTION
One glance at the diversity of relationships between animal parents and their offspring
immediately prompts the question: which sex should provide care, and why? In many animal
groups, females are the primary providers of parental care (Kokko and Jennions, 2012). Maternal
care is present in all mammals, and the majority of care in reptiles and invertebrates is also
provided by females (Balshine, 2012; Gilbert and Manica, 2015). Similarly, while biparental care
is common in birds, uniparental care in this group is almost exclusively maternal (Cockburn
2006). Trends in aquatic species, however, are very different (reviewed in Chapter 1): in fish,
males are the predominant caregivers (Gross and Sargent, 1985), and paternal care is also
widespread in amphibians (Vági et al., 2019). While the evolution of care has likely been driven
by a variety of factors, the relative frequency of male and female care at higher taxonomic levels
has been hypothesized to stem from differences in the medium in which reproduction takes place
(Gross and Shine, 1981; Clutton-Brock, 1991; Gilbert and Manica, 2015). Paternal care is
exceedingly rare in species with internal fertilization, where males are physically separated from
their offspring after mating (Gilbert and Manica, 2015). While egg retention in internal fertilizers
may favor maternal care, females who mate by external fertilization do not have the same
physical association with eggs, a factor that may explain the prevalence of male-only care in fish
and amphibians (Gross and Shine, 1981). We hypothesize that life in an aquatic environment
provides a unique set of constraints and opportunities, and that external fertilization is a key
driver of the evolution of male care in aquatic species.
No group is as diverse as bony fishes in parental care behaviors (Chapter 1; Gross and
Sargent, 1985), which exhibit an enormous range of strategies along the continuum of parental
investment. While some fish are broadcast spawners, releasing gametes into the open ocean
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(Sadovy, 2001), others produce only a small handful of offspring that are internally gestated until
they are sexually mature, essentially birthed as teenagers (Labrecque et al., 2014). Despite the
prevalence of paternal care in this group, fish show tremendous inter- and intraspecific variation
in caregiver, exhibiting male-only, female-only, and biparental care (Blumer, 1982). Fish also
vary in the type of care they provide, and while the vast majority of caring species are guarders
(Gross and Sargent, 1985), a multiplicity of additional behaviors exist, including fanning,
substrate cleaning, feeding, oral brooding, and internal gestation (Blumer, 1982; Balshine and
Sloman, 2011; reviewed in Chapter 1). Given this reproductive diversity, bony fishes are
uniquely well-suited to test evolutionary models of parental care (e.g., Mank et al., 2005).
While internal fertilization allows females to influence breeding outcomes through
multiple mating and cryptic female choice, the majority of bony fishes reproduce by external
fertilization, where male and female gametes are released directly into the water column
(Blumer, 1979). External fertilizers spawn either in groups, where multiple males and females
shed their gametes synchronously, or in pairs, where males and females form distinct mating
pairs prior to reproduction (Benun Sutton and Wilson, 2018). When coupled with pair spawning,
external fertilization may enhance male confidence in paternity, as females are unable to
manipulate post-copulatory outcomes (Ah-King et al., 2005). Field and experimental data
indicate that male fishes often dynamically alter their parental behavior based on their perceived
level of paternity (Manica, 2002; Neff, 2003; Gray et al., 2007), suggesting that confidence in
parentage is an important determinant of care. Territorial males may be particularly suited for
paternal care, as territory defense can serve the dual purpose of protecting prime spawning
grounds to attract females while guarding fertilized eggs at little to no extra cost (Ridley, 1978);
benefits that may be further enhanced if a territorial male is able to monopolize multiple females
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(Figure 2.1). We predict that female care is the dominant form of parental care in internally
fertilizing species, and that male care is most frequently associated with pair-spawning. Within
pair-spawning species, we hypothesize that polygyny enhances the benefits of male care due to
the increase in reproductive success resulting from multiple mating. Conversely, we predict a
low incidence of male care in external fertilizers that spawn in groups, due to a lack of
confidence in parentage (Ah-King et al., 2005).
Life history strongly influences parental care evolution (Smith and Wootton, 1995; Klug
and Bonsall, 2010). For care to evolve, it must outweigh the cost of expending resources that
would otherwise be available for growth and other forms of reproductive allocation such as egg
production (Smith and Wootton, 1995). Theoretical and empirical research have demonstrated an
inverse relationship between egg number and size (Smith and Fretwell, 1974; Nussbaum, 1987;
Stearns, 1992), and have suggested a positive correlation between egg size and parental care
across fishes and amphibians (Nussbaum, 1987; Kolm and Ahnesjö, 2005; Summers et al.,
2006). While the sex of the caregiver has been largely ignored in evaluating such relationships
(but see Vági et al., 2019), sex-specific energy budgets may key to understanding the evolution
of reproductive allocation (Kolm and Ahnesjö, 2005). In the cichlid mouthbrooder Satanoperca
jurupari, for example, the duration of care (provided most frequently by the female) is inversely
related to the amount of egg yolk provided, suggesting a tradeoff between egg size and care
(Reid and Atz, 1958; Oppenheimer, 1970). Similarly, the distribution of egg size in frog species
differs between paternal and maternal caregivers, indicating that opportunities for reproductive
investment may differ between the sexes (Summers et al., 2007). We evaluate the relationship
between egg number, egg size, and parental care in fish, accounting for the sex of the caregiver
in our predictions. For females, we predict a tradeoff between care and gamete investment, since
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both are drawn from the same reproductive budget. For males, however, care is expected to be
positively correlated with egg and clutch size, since males are not energetically constrained by
egg production, and can benefit from increases in egg size and number.
To study the impact of external fertilization on the evolution of male parental care, we
mapped care data onto the most comprehensive phylogeny of fishes to date (Betancur-R et al.,
2017). We used these data to revisit the “stepping-stone” hypothesis of care evolution in bony
fishes, which states that care has evolved in a stepwise fashion from no care to male care to
biparental care to female care (Gittleman, 1981; Gross and Sargent, 1985). Implementing
phylogenetically-controlled analyses, we tested the following predictions: (1) male parental care
is more prevalent in pair-spawners than in group-spawners and is restricted to externally
fertilizing species (“confidence in paternity”); (2) male care is more frequently associated with
polygyny than monogamy (“reproductive success”); and (3) species with male care should have
larger eggs and/or larger clutches than species with female care (“reproductive allocation”).

METHODS
Data Collection
Literature search
We performed a comprehensive literature search on parental care and life history traits of
1982 species of bony fishes included in the most extensive phylogeny of fish species (BetancurR et al., 2017), which includes species from 409 of the 514 fish recognized families. Data were
initially gathered from FishBase (Froese and Pauly, 2018) using the package RFISHBASE,
version 2.1.2 (Boettiger et al., 2012) in R (R Core Team, 2018), and supplemented with research
from published work (Breder and Rosen, 1966; Thresher, 1984; Baensch et al., 2007) and
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Google Scholar using search terms “care” or “reproduction,” together with the species name. We
collected data on the following traits:
1. Fertilization
Fertilization mode describes the site of egg and sperm fusion and was scored as either
internal (i.e. in the female oviduct) or external (including pouch brooders and mouthbrooders),
following the classification of FishBase (Froese and Pauly, 2018).
2. Parental Care
Parental care was defined as all post-fertilization parental investment in offspring, including
behaviors such as internal gestation, nest guarding, and mouthbrooding. Parental behavior
limited to egg deposition (such as brood hiding) was not included in our definition of care
(Balon, 1975). Care states were classified as either “none,” “biparental” (i.e. both parents invest
in offspring following fertilization), “male only”, or “female only”.
3. Spawning mode and mating system
Spawning behavior was classified as either group or pair spawning. Group spawners include
all species in which spawning takes place among multiple males and females; broadcast
spawners are a typical example of this (Breder and Rosen, 1966). We follow Ah-King et al.
(2005), and include species in which multiple males spawn with one or more females as group
spawners. Pair spawning describes mating behavior in which a single male and female form a
distinct pair during breeding (Breder and Rosen, 1966) and was further subdivided by mating
system, scored as either monogamy or polygyny. Monogamy refers to a male and female pair
that mate exclusively within a breeding cycle, and includes both socially and genetically
monogamous species. Polygyny is a mating system in which a single male mates with multiple
females in a breeding cycle, and includes both harem and lek mating (Emlen and Oring, 1977).
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4. Clutch size, egg size, and body size
Mean values of clutch and egg size were collected for each species. When a range of values
was reported (either within a study or across multiple sources), we used the midpoint value.
Clutch size was defined as the number of fertilized eggs produced in a given reproductive
episode. When clutch size data were unavailable, female fecundity was used. Egg size was
collected as diameter, and the effective diameter of ellipsoidal eggs was calculated following
Coleman (1991). Egg volume (v) measurements were converted to diameter (d) using the
equation d= 2*(((V/π)(3/4))1/3). Species body size was scored as maximum total length, the
most frequently reported measure of species size, used widely in studies of life history
(Kasimatis and Riginos, 2016).

Phylogenetic signal
Pagel’s lambda (l) (Pagel, 1999) was used to test for phylogenetic signal in focal
variables, using the R package GEIGER, version 2.0.6 (Harmon et al., 2007). Lambda ranges
from 0 (trait is independent of phylogeny) to 1 (trait similarity among species reflects shared
ancestry) (Heldstab et al., 2017). We used the “fitContinuous” function for variables recorded on
a continuous scale (clutch size, egg size, and body size), and “fitDiscrete” for discrete variables
(fertilization, care, spawning mode, and mating system). Continuous characters were logtransformed. Maximum likelihood values of lambda were compared to a model assuming no
phylogenetic signal (l=0) using a likelihood ratio test (Shultz et al., 2011).

Ancestral State Reconstruction
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We reconstructed ancestral character states separately for fertilization and care using
stochastic character mapping (SCM) implemented in the R package PHYTOOLS, version 0.6-44
(Revell, 2012). Phylogenies were pruned to include only those species for which the respective
variable was available, and a fixed transition matrix of state change was estimated using
maximum likelihood. For reconstruction of fertilization, the relative fit of equal-rates (“ER”, i.e.
identical transition rates in both directions) and all-rates-different (“ARD”) models were
compared using the Akaike information criterion (AIC). Model comparisons for the evolution of
care also included a symmetrical model of change (“SYM”), in which the forward and reverse
transition rates between each pair of character states is set to be equal, but rates can vary across
different pairs of states. Multiple runs of model fit analyses for care showed that the ARD model
oscillated between convergence on two distinct likelihood optima (log likelihoods = -327.12 and
-335.55; Table 2.1). The higher optimum was associated with inflated transition rates between
rare states, a frequent problem with overparameterized models when rare states are overdispersed
at the tips of short branches (Schluter et al., 1997), as in our phylogeny (Figure 2.2). As
recommended by Schluter et al. (1997), the accelerated transition rate model was rejected, and
the second ARD model (log-likelihood= -335.55) was selected for subsequent analyses. The
distribution of transitions for this model closely resembles that of the SYM model (Table 2.2).
Stochastic character maps were generated by sampling ancestral states at internal nodes
of the tree based on their posterior probability distribution, conditioned on the ML transition
matrix (Huelsenbeck et al., 2003; Bollback, 2006). We simulated 1000 character maps and
summarized the number of state changes and the posterior probabilities of each internal node
generated from the character map simulations.
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Bivariate analyses (“confidence in paternity” and “reproductive success”)
We tested whether the evolution of paternal care is associated with spawning mode and
access to multiple mates using Pagel’s model for the correlated evolution of binary traits (Pagel,
1994). This method, implemented in the “fitPagel” function in the R package PHYTOOLS,
compares the fit of an independent model (in which the two traits evolve independently) and a
dependent model of evolution (in which traits evolve in a correlated fashion). Model fits were
compared using a likelihood ratio test (Pagel, 1994; Revell, 2012).

Reproductive allocation
Finally, we measured the association between parental care and clutch/egg size using
phylogenetic generalized least squares (PGLS) models implemented by the CAPER package,
version 0.5.2 in R (Orme et al., 2013). We calculated the evolutionary association between
variables using a maximum likelihood estimation of Pagel’s lambda (λ). We tested the influence
of each care state (male, female, biparental) on clutch size and egg size, using “no care” as a
dummy variable. We included covariates as additional predictors (clutch/egg size and body
length), allowing for all interactions. Continuous variables (clutch size, egg size, and body size)
were log-transformed to approximate a normal distribution and mean-centered. Non-significant
predictors were removed from each model hierarchically, starting with the highest-level
interactions, until the model included only significant terms. Full and reduced models were
compared using a likelihood ratio test (West and Capellini, 2016). In all instances, reduced
models did not show a statistically significant reduction in likelihood relative to full models
(Table 2.3). Following model simplification, we tested for predictor multicollinearity by
calculating variance inflation factors (VIFs) using the CAR package, version 3.0 in R (Fox et al.,
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2012). Due to the high multicollinearity between clutch size and body size (VIF >5, Pearson’s
r=0.7), clutch size was removed as a predictor from the model testing egg size as a response
variable. We did not find any evidence of multicollinearity in our reduced models (i.e. all VIF
values <5).

RESULTS
Distribution of care and reproductive traits
We collected information on fertilization mode for 1719 out of 1982 species, representing
341 of the 514 families of bony fishes (Table 2.4). Three percent of fish species (N=47)
exhibited internal fertilization. Among external fertilizers (N=1672), 4% of species (N=61)
showed a specialized form of male brooding (Order Syngnathiformes). A single mouthbrooder
was also included in this group (Maylandia zebra, Family Cichlidae).
Parental care information was available for 1514 species included in the phylogeny
(76%) with 354 species exhibiting some form of parental care (Table 2.4). The majority of fish
species sampled do not provide care (77%), but among caring species, the vast majority (79%)
have male-only care (N=281), 14% exhibit female-only care, and 6% exhibit biparental care. All
species with male and biparental care were found to have external fertilization. Female-only
care, in contrast, was much more common in internally fertilizing species (31 of 36 species) than
in external fertilizers (20 of 1401 species). Pair spawning was significantly more common in
external fertilizers than group spawning (624 and 94 species, respectively), Within pairspawners, mating system data was available for 166 species, with 103 incidences of monogamy
and 63 of polygyny (Table 2.4).

31

Evolution of reproductive traits
Phylogenetic signal
All focal traits (i.e. fertilization mode, care, spawning mode, mating system, clutch size,
egg size, and body size) showed significant phylogenetic signal (l: 0.85-1.00, P<0.001 for all
tests; Table 2.5).

Ancestral state reconstruction: Fertilization mode
The equal-rates model was selected as the best-fit model for the evolution of fertilization
(AIC weight= 0.70, log likelihood= -71.34). The estimated number of transitions based on this
model was 12, almost all from external to internal fertilization, and the ancestral form of
fertilization for fishes was inferred to be external (Figure 2.3A, Figure 2.4).

Ancestral state reconstruction: Parental care
The symmetrical-rates model was selected as the best fit model for the evolution of
parental care (AIC weight= 0.69, log likelihood= -340.77). Reconstruction of ancestral modes of
care indicated an average of 90 shifts between care states (Table 2.2), with the ancestral state for
fish inferred to be no care (Figure 2.2). Both male and female care are inferred to have most
frequently evolved directly from a state of no care, and no direct transitions were detected
between no care and biparental care (Figure 2.3B). Tree reconstructions suggest that biparental
care has arisen most frequently from female care (Figure 2.2, Figure 2.3B).

Effects of spawning mode and mating system on male care
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Male care is found exclusively in pair spawning species (N=252), indicating a strong
association between paternal care and spawning mode. A model assuming a positive association
between care and spawning mode showed a significantly better fit than the model of independent
character evolution (P<0.001; Table 2.6; Figure 2.5). In contrast, the difference in fit between
models of correlated and independent evolution for male care and mating system was not
significant (P=0.616, Table 2.6, Figure 2.6), indicating a lack of a statistically significant
relationship between paternal care and polygyny.

Costs and benefits of parental care
Parental care is an important predictor of both clutch size and egg size, but the strength
and direction of the relationship differs among care types (Table 2.7). As expected, larger
clutches are associated with larger body size and reduced egg size (2.36 ± 0.14, P<0.001
and -0.96 ± 0.21, P<0.001, respectively). Species with female care have significantly smaller
clutch sizes than non-caring species (-1.53 ± 0.45, P=0.001). Biparental care and male care also
show negative associations with clutch size, however these relationships are not statistically
significant (-0.57 ± 0.67, P=0.397 and -0.45 ± 0.39, P=0.248, respectively). Models including
egg size as a response variable show that larger body size is associated with larger eggs (0.15 ±
0.03, P<0.001). Species with male care have larger eggs (0.35 ± 0.10, P =0.001), and the
significant positive interaction between male care and body size (0.20 ± 0.08, P =0.011) reflects
the fact that the difference in egg size between species with male and no care widens as body
size increases. Female care and biparental care are not associated with significant differences in
egg size relative to non-caring species (0.20 ± 0.11, P=0.067 and 0.18 ± 0.16, P=0.258,
respectively).
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DISCUSSION
The compilation of care information here represents, to our knowledge, the largest
published species-level assembly of care data for any group of vertebrates, providing a powerful
test of hypotheses of reproductive allocation and parental care.
Contrary to both the earlier stepping-stone model of care (i.e. biparental care as an
evolutionary “stepping stone” from male to female care) and more recent family-level work
suggesting that biparental care has evolved most often from non-caring species (Mank et al.,
2005), our data indicate that biparental care has arisen most frequently from species with
maternal care (Figure 2.3B).
The low incidence of female-only care in external fertilizers suggests that this form of
care may be evolutionarily unfavorable in many groups, supporting suggestions that external
fertilization favors male (as opposed to female) care (Gross and Shine, 1981, Clutton-Brock,
1991). The few instances of female-only care that do co-occur with external fertilization may
reflect reduced opportunity costs of care under specific conditions. In nesting salmonids, for
example, females are semelparous and thus do not suffer a reduction in future breeding
opportunities due to offspring care; the same reasoning could be extended to females that breed
only once per season (Perrone Jr and Zaret, 1979; Kuwamura, 1997a). Care also appears to be
closely tied to mode of fertilization in amphibians (Gross and Shine, 1981; Nussbaum and
Schultz, 1989, but see Beck, 1998), though female care is much more common in external
fertilizers in this group than in fishes (Gross and Shine, 1981). Interestingly, recent work
suggests that parental care has evolved repeatedly following the invasion of terrestrial habitats by
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frogs (Vági et al., 2019), suggesting that the post-fertilization environment may also influence
the evolution of care.
Our analyses demonstrate a strong association between the evolution of male care and
spawning mode (P<0.001, Table 2.6), and male care is entirely absent in group spawners,
supporting our prediction that male care may be favored under conditions of high certainty in
paternity. Critics of this “confidence in paternity” hypothesis argue that cuckoldry and female
promiscuity limit the extent to which a nesting male can maintain parentage confidence (Baylis,
1981; Keenleyside, 1981), but recent molecular analyses of broods indicate that guarding males
sire ca. 85% of the embryos in their nests (DeWoody and Avise, 2001). Our results are consistent
with the idea that paternity assurance, enabled through external fertilization and pair spawning,
favors the evolution of male care.
Somewhat surprisingly, we do not find compelling evidence to indicate that paternal care
is positively associated with polygyny, as would be predicted based on the expected benefits of
increased reproductive success in such systems. While transitions to polygyny/male care were
slightly more common than reversals under a model of correlated trait evolution (Figure 2.6), this
model was a not significantly better fit to the data compared to a model allowing traits to vary
independently (P=0.616, Table 2.6). Interestingly, our data suggest that clutch sizes of
monogamous males with paternal care are often larger than those of polygynous males (data not
shown). This pattern suggests that in many species, males mating with multiple females may not
receive a significant fecundity benefit. While close to half of the 68 species with male care
considered in this analysis are syngnathids, a family of pouch brooders in which clutch size is
limited by male body size (Wilson, 2009), removal of this group from the dataset did not
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substantially alter the results (P=0.609, data not shown), suggesting that the relationship between
mating system and care is not skewed by the unique constraints on clutch size in this group.
As expected, we found evidence of reproductive tradeoffs under all types of care (Table
2.7). Egg size and clutch size showed a significant negative relationship, demonstrating that the
presence of care does not alter the basic constraints of reproductive allocation (Smith and
Fretwell, 1974; Stearns, 1992). Ours is the first large-scale study in animals illustrating that male
and female care have directionally dissimilar impacts on reproduction, and may help to explain
why male care is so prevalent in fish. In contrast to maternal care, which is associated with
reductions in clutch size, male care is associated with larger egg size and is uncorrelated with
clutch size (Table 2.7).
Our results underscore intrinsic sex differences that exist in reproduction and provide
phylogenetic evidence for sex-specific costs and benefits of care. We further demonstrate here
that the widely-recognized coevolution of care and egg size in fishes is not an intrinsic quality of
the group as has been previously argued (Shine, 1978; Sargent et al., 1987; Nussbaum and
Schultz, 1989), but rather occurs only in species with paternal care. Given the contrasting effects
of male and female care on reproductive covariates, comparisons to biparental species are of
particular interest to understand how parental investment strategies evolve when both parents
care (Ratnieks, 1996). Research in biparental cichlids indicates that males can increase their
mates’ reproductive rates by providing food, suggesting that paternal behavior may help to offset
costs of female reproduction (Smith and Wootton, 1995), a relationship that has recently been
documented in mammals (West and Capellini, 2016). Increasing the representation of biparental
species in future analyses will help to elucidate this dynamic and to understand the conditions
that drive transitions between modes of care.
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While our analysis includes the most exhaustive sampling of life history data for fishes
compiled to date, it includes only 77 of 89 families of fishes known to exhibit care (Blumer,
1982), and several of these groups remain poorly sampled. Cichlids, for example, include over
3000 species and are a particularly dynamic system with respect to parental care and mating
patterns (Chapter 1), yet only 18 representatives from this family were included in our
phylogeny, limiting our ability to detect intrafamilial patterns (see Kolm et al., 2006a). Future
phylogenetic work should be aimed at increasing representation in such reproductively dynamic
groups.

CONCLUSION
The widespread prevalence of male care in fishes is associated with external fertilization,
consistent with the paternity advantages associated with this mode of reproduction. While
external fertilization creates the opportunity for male parental care, care dynamics are ultimately
governed by sex-specific differences in reproductive allocation, and male care in fishes has
evolved most frequently in species in which female investment in gamete production is high.
Incorporating phylogenetic history and considering sex-specific differences in reproductive
constraints are key to understanding the dominance of male parental care in bony fishes, and may
help to explain the diversity of care behaviors found across the animal kingdom.
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TABLES AND FIGURES
Table 2.1 Estimated rates of transition between care states in bony fishes.
Matrices of transition rates between care states under various evolutionary models. (N: no care;
M: male-only care, F: female-only care; B: biparental care; LL: log-likelihood; ER: equal-rates;
SYM: symmetrical-rates; ARD: all-rates-different) Note: both likelihood optima are shown for
the ARD model (see Chapter 2 text).
From ↓

To ↓

ER
model
(LL=
-379.34)

N
M
F
B

N
-0.001345
0.000448
0.000448
0.000448

M
0.000448
-0.001345
0.000448
0.000448

F
0.000448
0.000448
-0.001345
0.000448

B
0.000448
0.000448
0.000448
-0.001345

SYM
model
(LL=
-340.77)

N
M
F
B

-0.001110
0.000764
0.000347
0

0.000764
-0.001555
0.000410
0.000382

0.000347
0.000410
-0.014622
0.013866

0
0.000382
0.013866
-0.014248

ARD
model
(LL=
-335.55

N
M
F
B

-0.000873
0.001810
0.003927
0

0.000607
-0.002778
0
0.002445

0.000266
0.000652
-0.016202
0.014026

0
0.000315
0.012275
-0.016472

ARD
model
(LL=
-327.39)

N
M
F
B

-0.00087
0.00000
0.01265
0.00000

0.00033
-0.00052
0.01359
0.00055

0.00049
0.00015
-0.02928
0.01271

0.00005
0.00037
0.00304
-0.01327
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Table 2.2. Estimated number of transitions between care states in bony fishes.
Average number of character changes between care states under various evolutionary models.
(N: no care; M: male-only care, F: female-only care; B: biparental care; LL: log-likelihood; ER:
equal-rates; SYM: symmetrical-rates; ARD: all-rates-different). Note: both likelihood optima are
shown for the ARD model (see Chapter 2 text).
Model

LL

ER
SYM
ARD
ARD

-379.34
-340.77
-335.55
-327.39

B→F B→M B→N F→B F→M F→N M→B M→F M→N N→B N→F N→M Total

4.3
9.7
11.3
14.1

1.5
1.0
2.0
0.6

0.5 5.0 0.8
0 17.4 0.6
0 17.1 0
0
6.9 27.6

2.0
2.2
5.4
28.5

2.3
2.6
3.0
3.2

2.8
3.5
6.1
1.3

5.2
6.7
16.9
0

4.2
0
0
2.2

12.6
13.4
11.4
21.1

31.9 73.2
33.4 90.4
26.1 99.3
14.4 120.0
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Table 2.3 Likelihood ratio tests for full and reduced PGLS models.
Clutch size, egg size, and body size are log-transformed. Continuous predictors are also centered
on the mean value for each variable.

Response

Predictors, full
Predictors,
model
reduced model

(Male care +
Female care +
Clutch size Biparental care)
* Body size *
Egg size
Egg size

(Male care +
Female care +
Biparental care)
* Body size

Male care +
Female care +
Biparental care
+ Body size +
Egg size)
Male care +
Female care +
Biparental care
+ (Male care:
Body size)

Lh, full
model

Lh, reduced
model

LRT

-673.55

-678.86

n.s. (p=0.39)

-294.11

-295.43

n.s. (p=0.27)
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Table 2.4. Overview of reproductive data collected for bony fishes.
All species
Species w/care info
Character
(N=1982)
(N=1514)
Fertilization
1719
1437
No Care
1160 (77%)
All caring species (M/F/B)
Male only
Female only
Biparental
Spawning mode
Mating system
Clutch size
Egg size
Body size

354 (23%)
281
51
22
718
166
484
447
1615

683
133
465
424
1300

41

Table 2.5. Phylogenetic signal for focal traits in bony fishes.
Pagel’s λ was estimated for each trait to test for phylogenetic independence. A likelihood ratio
test was used to assess whether the maximum likelihood value of λ for each trait (λML) was
significantly greater than zero (i.e. trait evolution independent of phylogeny). LLML is the loglikelihood of a model fitted with λML, LL0 is the log-likelihood of a model where λ=0.

Trait

λML

LLML

LL0

Fertilization
Care
Spawning (pair
vs. group)
Mating
(monogamy vs.
polygyny)
log(Egg size)
log(Clutch size)
log(Body size)

1.00
1.00

-70.65
-377.89

-203.71
-1212.30

2*Loglikelihood
ratio
266.11
1668.81

0.99

-203.92

-273.93

140.03

<0.001

1.00

-71.23

-91.84

41.22

<0.001

0.85
0.95
0.97

-344.23
-1144.89
-1623.44

-439.60
-1292.25
-2209.78

190.75
294.73
1172.69

<0.001
<0.001
<0.001

P value
<0.001
<0.001
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Table 2.6 Test for correlated evolution between care, spawning mode, and mating system.
Pagel’s test for correlation between the presence/absence of male care in external fertilizers and
(1) spawning mode and (2) mating system. L(I) is the log-likelihood of the model of independent
changes between traits, L(D) is the log-likelihood of the model of correlated changes between
traits, and LR is the likelihood ratio between the two values. Sample size for group/pair analysis
is 619 species (no care and group spawning: N=85; male care and group spawning: N=0; no care
and pair spawning: N=282; male care and pair spawning: N=252). Sample size for
polygyny/monogamy analysis is 100 species (no care and polygyny: N=13; male care and
polygyny: N=34; no care and monogamy: N=19; male care and monogamy: N=34).

Group/pair spawning, male/no care
Polygyny/monogamy, male/no care

L(I)

L(D)

LR

-268.16
-75.67

-241.58
-74.34

53.15
2.66

P
value
<0.001
0.616
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Table 2.7. Reduced PGLS models for clutch size and egg size.
Results for reduced PGLS models testing the effect of caregiver on (A) clutch size (number of
eggs) and (B) egg size (diameter measured in millimeters). Significant values are indicated in
bold. For each model, we report the maximum likelihood value for phylogenetic signal (λ), the
coefficient of determination, adjusted (R²), and the log-likelihood of the reduced model (Lh).
See Table 2.3 for comparison between full and reduced models. Sample sizes for (A): 325
species, including 213 with no care, 67 with male care, 34 with female care, and 11 with
biparental care. Sample sizes for (B): 419 species, including 282 with no care, 84 with male care,
41 with female care, and 12 with biparental care.
A.
Clutch size
λ= 0.77; R²= 0.50; Lh= -678.86
Estimate
S.E.
t value
6.72
1.22
-2.17
-0.57
0.67
-0.85
-1.53
0.45
-3.37
-0.45
0.39
-1.16
-0.96
0.21
-4.60
2.36
0.14
16.93

P value
<0.001
0.397
0.001
0.248
<0.001
<0.001

Egg size
λ= 0.86; R²= 0.09; Lh= -295.43
Predictors
Estimate
S.E.
t value
Intercept
1.17
0.37
3.17
Biparental care
0.18
0.16
1.13
Female care
0.20
0.11
1.84
Male care
0.35
0.10
3.48
Body size
0.15
0.03
4.52
Male care : Body size
0.20
0.08
2.54

P value
0.002
0.258
0.067
0.001
<0.001
0.011

Predictors
Intercept
Biparental care
Female care
Male care
Egg size
Body size

B.
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Group spawning
Aquatic
environment

External
fertilization

Internal
fertilization
(reduced
confidence in
paternity)

Pair spawning
(confidence in
paternity)

Monogamy

Female care

No care

Polygyny

Male
care

Figure 2.1. Evolutionary pathway of male care.
Hypothesized evolutionary trajectory explaining the prevalence of male care in bony fishes. The
aquatic environment allows for external fertilization. Pair spawning males with external
fertilization have higher confidence in paternity than internal fertilizers, and paternal care is
selected for when males can provide care to offspring while still mating multiply.
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Figure 2.2. Ancestral state reconstruction of parental care in bony fishes.
Tree is based on a summary of 1000 replicates using the symmetrical-rates model. Pie charts at
internal nodes represent maximum-likelihood support for ancestral state reconstructions
(N=1514 species).
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A.

B.

Figure 2.3. Average number of evolutionary transitions between care states.
Based on summary of 1000 simulated stochastic character maps. Arrow thickness is proportional
to the relative frequency of transitions. (A) fertilization mode (N=1681 species) based on equalrates model and (B) caregiver, including both external and internal fertilizers (N=1514 species)
based on symmetrical-rates model.
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Figure 2.4. Ancestral state reconstruction of fertilization mode.
Tree is based on a summary of 1000 replicates using the equal-rates model. Pie charts at internal
nodes represent maximum-likelihood support for depicted character reconstruction (N=1681
species).
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B. Dependent

A. Independent
Group

0.002

0.006

Pair

Male

0.001 <0.001

None

Group,
Male

0

0.021
0

0

Pair,
Male

Group,
None

0.004 0.006

<0.001
0.002

Pair,
None

Figure 2.5. Transitions between care and spawning mode.
Estimated transition rates for care (male/none) and spawning mode (group/pair) under models of
(A) independent and (B) dependent evolution. Arrow thickness is proportional to rate. The
dependent model of evolution was a significantly better fit to the data compared to the
independent model (Table 2.6).
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A. Independent
Monogamy

3.475

3.565

Polygyny

B. Dependent
Male

1.795 0.446

Monogamy,
Male

3.726

0.418
0

2.36

3.925

None
Polygyny,
Male

Monogamy,
None

0.48
2.14

0

Polygyny,
None

Figure 2.6. Transitions between care and mating system.
Estimated transition rates for care (male/none) and mating system (polygyny/monogamy) under
models of (A) independent and (B) dependent evolution. Arrow thickness is proportional to rate.
The difference in likelihood between the two models was not significant (Table 2.6).
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CHAPTER 3
WHO CARES?
THE EVOLUTION OF PARENTAL BEHAVIOR IN AFRICAN CICHLIDS
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ABSTRACT
In contrast to uniparental care, which is common in animals, biparental care has evolved
in relatively few groups. To understand the evolutionary conditions under which biparental care
is favored, we investigated parental care and life history traits in an exceptionally diverse group,
the cichlid fishes. Using phylogenetically controlled methods, we demonstrate that caregiver and
mode of care are both important drivers of reproductive patterns in cichlids. Our results indicate
that biparental care in cichlids evolved with guarding, a relationship that may be driven by a
higher potential for multiple mating in guarding species. We also show that biparental species
produce larger clutches than maternal species, suggesting that females can produce more eggs
when their reproductive budgets are not constrained by the energetic demands of uniparental
care. Duration of care is surprisingly longer in biparental species, indicating that joint
participation of both parents does not reduce care duration. Taken together, our findings
highlight that the evolution of biparental care in cichlids has been favored when males guard
their offspring and can help offload female reproductive costs.
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INTRODUCTION
Uniparental care is the dominant form of offspring care in mammals, reptiles, fishes,
amphibians, and arthropods (Balshine, 2012; Gilbert and Manica, 2015; West and Capellini,
2016). In contrast, biparental care, in which both parents care for developing offspring, is
relatively rare in the animal kingdom, and is found almost exclusively in birds and a handful of
mammalian groups (Chapter 1). Biparental care is expected to evolve when joint care is critical
for offspring success (Maynard Smith, 1977) and when parents can attain greater reproductive
success through care than by attempting to remate (Wittenberger and Tilson, 1980). Theoretical
and empirical work have demonstrated that biparental care is associated with enhanced fecundity
and offspring fitness compared to uniparental care (Ratnieks, 1996; West and Capellini, 2016),
along with faster reproductive rates (Sefc, 2011).
There are, however, numerous costs associated with biparental care (Balshine-Earn,
1995; Smith and Wootton, 1995; Székely et al., 2007). Care can increase parental mortality rates
if it makes parents more conspicuous to predators (Svensson, 1988), and nest defense may also
pose a threat to parental survival, as attacking an egg predator can result in the death of the
parent (Wootton and Smith, 2014). Parents may also pay a physiological cost while caring, as
parental care may limit a parent’s ability to eat, resulting in a deterioration of body condition
through weight loss (Nur, 1984). Weight loss resulting from breeding has been well studied in
birds (Freed, 1981; Nur, 1984), and has also been demonstrated in mammals (Campbell et al.,
2009), fishes (Balshine-Earn, 1995), and amphibians (Townsend, 1986). In fish, a reduction in
feeding rate, leading to reduced growth rate, can also decrease fecundity since the number of
eggs a female can produce is a function of body size (Smith and Wootton, 1995; Chapter 2). In
the mouthbrooding cichlid Sarotherodon galilaeus, for example, female care decreases fecundity
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in subsequent breeding bouts (Balshine-Earn, 1995). In the pipefish Syngnathus typhle, male
growth rate is reduced by ca. 25% while brooding, limiting brood pouch growth and restricting
the number of eggs that can be accepted in subsequent matings (Svensson 1988, Smith and
Wootton, 1995).
While joint parental care is absent in most species of fish, it is widespread in Family
Cichlidae, in which many species exhibit biparental care (Fryer and Iles, 1972; Konings, 1988;
Goodwin et al., 1998). In additional to exhibiting extensive variation in morphology and
ecology, cichlids also vary widely in parental care behaviors (Keenleyside, 1991; Goodwin et al.,
1998; Sefc, 2011). African cichlids in particular have long been heralded as a spectacular model
of evolutionary diversity (Trewavas, 1983; Barlow, 2000; Kornfield and Smith, 2000), and the
prevalence of biparental care in this group makes it an excellent model in which to explore the
evolution of this trait. In this study, we use phylogenetically-controlled methods to investigate
the evolutionary drivers of biparental care, using Cichlidae as a model.
Fertilization is external in cichlids, and parents provide care to both eggs and fry
(Kuwamura, 1986; Keenleyside, 1991). Offspring care takes the form of substrate guarding,
mouthbrooding, or a combination of both. Substrate guarders care for adhesive eggs and fry on
either open substrate, in caves, shells, or pits, and may orally carry offspring for brief periods of
time (Nagoshi and Yanagisawa, 1997). Substrate guarding typically involves both parents, and
may also involve non-breeding helpers (Keenleyside, 1991; Taborsky, 2016). While female-only
guarders exist (e.g., Tribe Lamprologini, (Nagoshi and Yanagisawa, 1997; Matsumoto and
Kohda, 1998), there are no examples of male-only substrate guarding in cichlids (Goodwin et al.,
1998). Parental duties are shared equally in some species of biparental guarders, whereas others
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exhibit sex-specific roles in which males defend the territory and females aerate the offspring
(Keenleyside, 1991).
Mouthbrooding, which is more widespread than guarding in African cichlids, involves
oral incubation of offspring (Goodwin et al., 1998). In delayed mouthbrooding (also known as
larvophilic or primitive mouthbrooding), adhesive eggs are guarded, and are then orally
incubated by parent(s) until fry are independent. In immediate (or ovophilic/advanced)
mouthbrooding, eggs are non-adhesive and are orally incubated immediately following
fertilization until offspring independence (Keenleyside, 1991). Female-only mouthbrooding is
most common in cichlids, however biparental mouthbrooding is found in a number of species
including Sarotherodon galilaeus and Xenotilapia spp. (Balshine-Earn, 1995; Kidd et al., 2012).
Male-only mouthbrooding has been documented in a single riverine genus, Sarotherodon, and
has been confirmed in only two species (S. melanotheron and S. occidentalis, Klett and Meyer,
2002).
Biparental substrate guarding is thought to be the ancestral mode of care in cichlids, and
is the primary form of care in South American and Asian species (Keenleyside, 1991;
Kuwamura, 1997b; Goodwin et al., 1998). This form of care is also common in African riverine
species and in Lake Tanganyika (Goodwin et al., 1998). While mouthbrooding is a derived
condition and relatively rare outside of Africa, it is the sole form of care for cichlids in Lakes
Malawi and Victoria, and is also found in Lake Tanganyika (Keenleyside, 1991). Lakes
Tanganyika, Malawi, and Victoria are home to close to 2000 of the ca. 2500 species found in
Africa, making maternal mouthbrooding the dominant form of care in Africa (~80% of species;
Salzburger et al., 2005). While the vast majority of cichlids from Lakes Malawi and Victoria are
believed to have descended from the haplochromine maternal mouthbrooders of Lake
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Tanganyika (Salzburger et al., 2005), transitions between biparental and female care have
occurred repeatedly across multiple cichlid lineages (Goodwin et al., 1998).
In an analysis of the evolution of care in bony fishes (Chapter 2), we argued that male
care in bony fishes is likely to be associated with polygyny, due to the potential for increased
reproductive success associated with multiple mating (“reproductive success hypothesis”). While
we did not find evidence in bony fishes to support these expectations, we revisit this hypothesis
in the present study, testing whether male care is favored in biparental guarding species, where
males can take advantage of multiple mating opportunities (Sefc, 2011; Kuwamura, 1997b), and
may expend little additional energy for guarding if they are already engaged in territory defense
for breeding purposes (Smith and Wootton, 1995). Guarding has been linked to multiple mating
and increased clutch sizes in a number of fish species including cichlids (Perrone Jr and Zaret,
1979; Baylis, 1981; Kuwamura, 1997b). In mouthbrooders, on the other hand, clutch size is
constrained by buccal cavity capacity (Kuwamura, 1997b; Kidd et al., 2012), limiting the
potential fecundity benefits of multiple mating by mouthbrooding males. Similarly, while
guarding males are able to care for clutches from multiple females simultaneously, male
mouthbrooders can typically brood only a single clutch at a time (Kidd et al., 2012).
While previous work has documented the general pattern of biparental guarders and
female mouthbrooders in cichlids (Keenleyside, 1991; Kuwamura, 1997b; Goodwin et al., 1998),
the multiple transitions between these behaviors allow us to test whether these traits are
evolutionarily correlated across cichlid lineages. We expect that caregiver (biparental/female)
and mode of care (substrate guarding/mouthbrooding) are associated with one another in a
phylogenetic context, suggesting that males are more likely to care in guarding species due to a
higher potential for multiple mating (“reproductive success hypothesis”).
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The high incidence of biparental care in cichlids also provides an opportunity to
investigate tradeoffs associated with male and female care. In Chapter 2, we demonstrated that
paternal and maternal care are associated with different effects on egg production in bony fishes:
while male-only care is associated with larger eggs, female-only care is associated with reduced
clutch size. We argued that these patterns reflect sex-specific differences associated with
reproduction: females must trade off care against egg production, since both are drawn from the
same reproductive budget. Males, however, are not similarly constrained, and may benefit from
increased female investment, promoting the evolution of larger egg size under paternal care
(“reproductive budgets hypothesis,” Chapter 2). Biparental care was not associated with
predictable changes in egg production in this analysis, however sample sizes for this trait were
small, limiting our ability to detect trends. Theoretical work has shown that biparental care can
lead to increased clutch size, whereas female-only care favors reduced clutch sizes (Smith and
Härdling, 2000). Empirical studies have also demonstrated that females incur a fecundity cost
when providing care (Balshine-Earn, 1995, Vági et al., 2019, reviewed in Trumbo, 1996), and
that frog species with male-only care produce larger eggs than maternal-care species (Summers
and McKeon, 2004).
While our previous findings suggest that female caregivers exhibit must trade off care
against egg production (“reproductive budgets hypothesis,” Chapter 2), Trivers (1972) argued
that the sex making a greater gametic investment should be more likely to provide care (i.e. the
“anisogamy hypothesis”). Trivers reasoned that because of the large investment associated with
egg production, female care should be more common, as this initial investment makes the loss of
offspring especially costly for females (1972). This argument has received substantial criticism
(Dawkins and Carlisle, 1976; Kokko and Jennions, 2008; Liker et al., 2015), but has received
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some support in theoretical modeling of parental care (Klug et al., 2013). Klug et al. (2013)
found that female care was favored when egg size is large, arguing that an increased investment
in egg production by females decreases future reproductive opportunities, selecting for greater
care in the current brood (Klug et al., 2013). Klug et al.’s (2013) model assumed that care of
some kind was already present, making the predictions of this model relevant for the cichlid
system, where parental care is found in all species. We expect that male participation in
biparental care can help to offset costs of female reproduction, allowing for larger clutch and egg
sizes compared to species with female-only care (“reproductive budgets hypothesis”).
Biparental care has also been shown to alleviate energetic constraints on female
reproduction, increasing female reproductive rates in mammals (West and Capellini, 2016;
Heldstab et al., 2017), birds (Davies and Hatchwell, 1992), and arthropods (Jenkins et al., 2000;
Tallamy, 2000). In the biparental cichlid species Eretmodus cyanostictus, female care duration is
prolonged when males are removed (Grüter and Taborsky, 2004), suggesting that joint care
provides fitness advantages due to increased reproductive rates. We explore whether the benefit
of increased reproductive rates might be driving the high frequency of biparental care in this
group. We predict that the duration of care will be extended in species with maternal care
relative to biparental carers, reflecting the additional fitness costs associated with uniparental
care.
In our study, we first determine the number of evolutionary transitions of two discrete
traits, care mode (substrate guarders and mouthbrooders) and caregiver (biparental, female, and
male) across African cichlids, revisiting the findings of Goodwin et al. (1998) with a larger
dataset and updated phylogeny. Second, we test the reproductive success hypothesis by
analyzing whether the evolution of biparental care is linked to the development of substrate
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guarding. We expect that the evolution of these two traits is correlated, supporting the hypothesis
that males are more likely to provide care when guarding but not mouthbrooding, a relationship
that may be driven by a higher potential for multiple mating in guarding species. Third, we
assess whether greater female gametic investment (i.e. larger clutches and larger eggs) is
associated with female care (“anisogamy hypothesis”) or biparental care (“reproductive budgets
hypothesis”). Finally, we test whether care duration is influenced by the number of parents that
contribute to care. We predict that care duration is shorter in species with biparental care, relative
to species with female-only care.

METHODS
Literature search
Our reproductive dataset was initially compiled from Kolm et al. (2006a and 2006b),
Baensch et al. (2007), and Froese and Pauly (2018) for 656 species included in a recent
comprehensive phylogeny of African cichlids (Wagner et al., 2012). Data from Fishbase (Froese
and Pauly, 2018) were gathered using the package RFISHBASE, version 3.03 (Boettiger et al.,
2012) in R (RStudio version 1.2.1335; R Core Team, 2018). We extended the literature search
for data not found in these sources using Google Scholar, employing the search terms “care,”
“reproduction,” or “eggs” together with the species name. Data were collected for the following
reproductive and life history traits:
1. Mode of care. Mode of care was classified as either substrate guarding or
mouthbrooding. Substrate brooding includes both cave and open spawners (Baensch et
al., 2007) and refers to the care of eggs and or larvae in nests and crevices (Goodwin et
al., 1998). Mouthbrooding includes both immediate brooding (beginning when eggs are
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fertilized) and delayed brooding (in which eggs are laid on the substrate and guarded
there, and are orally incubated after hatching), following Keenleyside (1991). In a
previous analysis of the evolution of care in cichlids, Goodwin et al. (1998) did not find
any difference in the number of overall transitions when considering the two forms of
mouthbrooding separately. Direct care of developing offspring (e.g., orally brooding and
fanning) as well as protection (e.g. territory defense) were considered forms of care
(Goodwin et al.,1998).
2. Caregiver: Caregiver was classified as either male-only, female-only, or biparental.
Harem polygyny (i.e. multiple females tending to individual broods within a larger
territory guarded by a single male) was considered biparental care, following Keenleyside
(1991).
3. Care duration: Care duration was defined as number of days spent by either parent
engaged in post-fertilization investment in offspring.
4. Clutch size, egg size, and body size: Mean values of clutch and egg size were collected
for each species. When a range of values was reported (either within a study or across
multiple sources), we used the midpoint value. When values were reported as “greater
than” or “less than”, we assume an increase or decrease, respectively, of twenty percent
(e.g. we report “less than 100 eggs” as 80 eggs). This estimate was chosen because when
comparing sources reporting “greater than” or “less than” to sources with known values,
twenty percent was generally found to be accurate representation of the former (data not
shown). Clutch size was defined as the number of fertilized eggs produced in a given
reproductive episode. When clutch size data were unavailable, female fecundity was
used. Egg size was collected as diameter, and the effective diameter of ellipsoidal eggs
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was calculated following Coleman (1991). Egg volume (v) measurements were converted
to diameter (d) using the equation d= 2*(((V/π)(3/4))1/3). Species body size was scored
as maximum total length, the most frequently reported measure of species size, used
widely in studies of life history (Kasimatis and Riginos, 2016).
Phylogenetic signal
Pagel’s lambda (l) (Pagel 1999) was used to test for phylogenetic signal in focal
variables, using the GEIGER package, version 2.0.6 (Harmon et al., 2007) in R. We used the
“fitContinuous” function for variables recorded on a continuous scale (care duration, clutch size,
egg size, and body size), and “fitDiscrete” for categorical variables (caregiver and mode of care).
Continuous characters were log-transformed to approximate a normal distribution. Maximum
likelihood values of lambda were compared to a model assuming no phylogenetic signal (l=0)
using a likelihood ratio test (Shultz et al., 2011). See Chapter 2: METHODS for more detailed
information on Pagel’s lambda.

Ancestral reconstructions
We reconstructed ancestral character states separately for mode of care (mouthbrooding/
substrate guarding) and caregiver (female/male/biparental) using stochastic character mapping
(SCM) implemented in PHYTOOLS, version 0.6-44 (Revell, 2012). Phylogenies were pruned to
include only those species for which data on the respective trait were available. For
reconstruction of care mode, the relative fits of equal-rates (“ER”) and all-rates-different
(“ARD”) models were compared using the Akaike information criterion (AIC). Model
comparisons for the evolution of caregiver (a three-category variable) also included a
symmetrical model of change (“SYM”). We simulated 1000 stochastic character maps and
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summarized the number of state changes and the posterior probabilities of each internal node
generated from the character map simulations. We then tested whether the evolution of caregiver
is associated with mode of care using Pagel’s model for the correlated evolution of binary traits
(Pagel, 1994). This method uses a likelihood ratio test to compare a model of independent
evolution of traits to one that assumes correlated evolution. We carried out this test using the
“fitPagel” function in the R package PHYTOOLS. See Chapter 2: METHODS for more detailed
information on model selection, SCM, and Pagel’s test for correlation.

Multipredictor analyses of reproductive output
We measured the association between parental care and egg size, clutch size, and care
duration using phylogenetic generalized least squares (PGLS) models implemented by the
CAPER package, version 0.5.2 in R (Orme et al., 2013). We calculated the evolutionary
association between variables using a maximum likelihood estimation of Pagel’s lambda (λ). We
tested the influence of caregiver (female, “0” and biparental, “1”) and mode of care
(mouthbrooding, “0” and substrate guarding, “1”) on care duration, clutch size and egg size.
Male care was excluded from our models as only two cichlid species in our dataset exhibit maleonly care. Continuous variables (care duration, clutch size, egg size, and body size) were logtransformed to approximate a normal distribution and mean-centered. Models predicting clutch
size and egg size included covariates as additional predictors (clutch/egg size and body length),
allowing for all interactions. Non-significant predictors were removed from each model
hierarchically, starting with the highest-level interactions, until the model included only
significant terms (Crawley, 2015). Full and reduced models were compared using a likelihood
ratio test (Crawley, 2015; West and Capellini, 2016). In all instances, reduced models did not
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show a statistically significant reduction in likelihood relative to full models (Table 3.1).
Following model reduction, we tested for predictor multicollinearity by calculating variance
inflation factors (VIFs) using the CAR package, version 3.0 in R (Fox et al., 2012). Due to the
high multicollinearity between clutch size and body size (VIF >10; Pearson’s r=0.42, P<0.001),
clutch size was removed as a predictor from the model testing egg size as response variable. We
did not find any evidence of multicollinearity in our reduced models (i.e. all VIF values <5).
The model predicting care duration excluded clutch, egg, and body size, because very
few species in our dataset had information for all of these variables (care duration, clutch size,
egg size, and body size: 39 species; care duration, egg size, and body size: 49 species). Instead,
this model only included mode of care and caregiver (N=105 species).

RESULTS
Data collection
We compiled reproductive information for 473 of the 656 species included in the Wagner
et al. (2012) phylogeny (Table 3.2), covering 124 genera of African cichlids and including 6
species from Madagascar and Asia (Wagner et al., 2012). Data on the provider and mode of care
were available for 373 species (Table 3.2). Our dataset included 257 mouthbrooders and 116
substrate guarders. Within mouthbrooders, the majority were maternal brooders (223 species,
87%), followed by biparental brooders (32 species, 12%). Only two mouthbrooding species
exhibited paternal care, both within the genus Sarotherodon (Klett and Meyer, 2002). Within
substrate guarders, most were biparental (102 species, 88%), and only twelve percent exhibited
female-only care (14 species). No substrate guarders displayed male-only care. In a larger dataset
of African cichlids containing species not included in the Wagner et al. (2012) phylogeny (636
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species), the distribution of care was nearly identical (Table 3.3), suggesting that our dataset is
representative of broader patterns of care in African cichlids. We found a high level of variation
in all continuous characters (Table 3.2). The monotypic Boulengerochromis microlepis was not
only the largest species in our dataset (80 cm), but also exhibited the largest clutch size (7900
eggs) and longest duration of care (252 days).

Phylogenetic signal
All focal traits (i.e. caregiver, care mode, care duration, clutch size, egg size, and body
size) showed significant phylogenetic signal (l: 0.90-1.00, P<0.001 for all tests; Table 3.4).

Ancestral reconstruction of care mode
There was no significant difference in model fits for the evolution of mode of care
(mouthbrooding/substrate guarding) between the ER model (AIC weight=0.52, log likelihood=26.05) and the ARD model (AIC weight=0.48, log likelihood=-25.14) based on a likelihood ratio
test (LR=1.81, P=0.40). The average number of transitions differed only slightly between the two
model estimates (Table 3.5A). Given the similarity between reconstructions and lack of
difference between model fits, we present the results of both models here (Figures 3.1A and
3.1B). Based on both models, there were 4-5 transitions from substrate guarding to
mouthbrooding with 0-1 reversals (Table 3.5A). The transition to mouthbrooding was inferred to
have occurred twice in the tilapiine lineage, once in the ancestor of haplochromines and their
relatives, once in Oreochromini, and once in Bathybatini (according to the ARD model only;
Figure 3.1) The reversal to substrate guarding was only inferred under the ER model, and
occurred in an ancestor of Tribe Lamprologini (Figure 3.1A).
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Ancestral reconstruction of caregiver
In contrast to the conservative number of transitions in mode of care, phylogenetic
reconstructions indicate that the sex of caregiver has changed frequently during the evolution of
African cichlids. While the ARD model for caregiver had the highest AIC weight (0.59, log
likelihood=-138.74) and was a significantly better fit than the ER model (LR= 43.68, P<0.001),
there was no significant difference in fit between the SYM (AIC weight= 0.41, log likelihood=142.12) and ARD models using a likelihood ratio test (LR=6.77, P=0.08). Both SYM and ARD
models of reconstruction indicated between 50-53 transitions among biparental, female, and
male care (Table 3.5B, Figure 3.2). The most common transition was from biparental to female
care (28-29 changes), with 16-21 reversals. Male care was inferred to have evolved from female
care 1-4 times, with no reversals. Biparental care was inferred to have evolved from male care 05 times with 0-1 reversals.
Transition rates to and from male-only care were suspiciously high in the ARD model
(Table 3.5B), considering that there are only two instances of male care in our dataset
(Sarotherodon spp., Tribe Oreochromini). These rates are likely inflated due to the short
phylogenetic distance separating these states in Sarotherodon spp. (Figure 3.2B, Schluter et al.,
1997, Chapter 2). When rare states (e.g. male care) occur at the tips of short branches,
unconstrained models (i.e. ARD) tend to generate high rate estimates to account for the rapid
transitions across such short phylogenetic distances (Schluter et al., 1997). While we present
reconstructions based on both the SYM and ARD models (Figures 3.2A and 3.2B), the SYM
model should be considered more reliable as it avoids the problems of overparameterization and
inflated rates for rare states (Schluter et al., 1997).
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Correlated evolution between mode of care and caregiver
A test of correlated evolution between caregiver and mode of care showed a significantly
better fit than a model in which these traits were free to evolve independently (P<0.001; Table
3.6). The dependent model of evolution revealed a high number of transitions between the sex of
the caregiver without corresponding changes in the form of care (Figure 3.3), suggesting a
degree of flexibility in caregiver among both substrate guarders and mouthbrooders.

Parental care is associated with egg production and care duration
Mode of care and the sex of caregiver were both important predictors of reproductive
output in cichlids (Table 3.7). Clutch sizes were found to be larger in species with biparental care
and substrate guarding (0.75 ± 0.24, P=0.002 and 0.60 ± 0.30, P=0.048, respectively), although
the latter was only marginally significant. Species with larger body sizes and smaller eggs were
found to have larger clutches (1.82 ± 0.19, P<0.001 and -0.79 ± 0.29, P=0.008, respectively).
Somewhat surprisingly, the model predicting clutch size showed no phylogenetic signal
(maximum likelihood estimate of lambda=0; Table 3.7A), despite the fact that clutch size was
found to have significant phylogenetic signal when tested independently (Table 3.4). Stepwise
removal of predictor variables showed that the removal of egg size from this model yielded a
maximum likelihood estimate of lambda significantly different from zero (λML=0.770, P<0.001;
data not shown). This indicates that with the inclusion of egg size as a predictor, the best-fit
model is one assuming no phylogenetic signal (i.e. a basic linear model, not phylogenetically
controlled).
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Care mode was also found to be strongly associated with egg size, with substrate
guarders producing significantly smaller eggs than mouthbrooders (-0.75 ± 0.15, P<0.001; Table
3.7B). Neither sex of the caregiver (i.e. female vs. biparental) nor body size were found to
influence egg size (-0.11 ± 0.08, P=0.183 and 0.09 ± 0.06, P=0.178, respectively). Biparental
caregivers had significantly longer care periods compared to maternal caregivers (0.39 ± 0.16,
P=0.015; Table 3.7C). There was no evidence of a significant difference in care duration
between substrate guarding and mouthbrooding (0.35 ± 0.41, P=0.403).

DISCUSSION
In our study, we used a phylogenetically-controlled multivariate framework to investigate
the evolution of reproductive diversity in African cichlids. Our analyses indicate that the
evolution of life history traits in this group has been closely linked to the evolution of parental
care, but that sex of the caregiver and mode of care have impacted these traits differently. We
suggest that enhanced reproductive success, through multiple mating and larger clutch sizes, has
been a key factor in the evolution of biparental care in cichlids, and may also explain the high
frequency of biparental care in other groups.

Evolution of parental care and the origin of male-only care
Mouthbrooding in African cichlids evolved at least four times independently in Lake
Tanganyika. One of these lineages seeded the Lake Malawi and Victoria radiations, giving rise to
ca. 2000 new species (Salzburger et al., 2005). While transitions from substrate guarding to
mouthbrooding have been relatively infrequent, the sex of the caregiver has been highly labile,
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with more than 50 transitions inferred in our dataset. Transitions between female and biparental
care have been especially frequent, making up more than 65% of all inferred changes.
Both SYM and ARD reconstructions of caregiver suggest that male care evolved
independently from ancestors with maternal care in Sarotherodon melanotheron and S.
occidentalis (Figure 3). To our knowledge, nowhere else in the cichlid literature has male care
been hypothesized to have arisen directly from female care (i.e. without a biparental
intermediate; Keenleyside, 1991; Kuwamura, 1997b). Little is known about the breeding biology
of S. occidentalis and its close relatives (Trewavas 1983), and phylogenetic studies indicate that
Sarotherodon is paraphyletic (Wagner et al., 2012; Matschiner et al., 2017), preventing us from
ruling out the possibility of a biparental intermediate in this group. To our knowledge, male-only
care has not been confirmed in any other cichlid species (Baensch et al., 2007). Interestingly,
research on a congener (S. galilaeus) has shown that brood desertion by either sex can lead to
uniparental care when mating opportunities arise (Balshine-Earn and Earn, 1998), suggesting
that the potential for additional female breeding opportunities may underlie the transition to
male-only care in this group. Future work investigating the relationships and behavior of
Sarotherodon could shed light on the multiple origins of male care in this genus, helping to
clarify whether the evolution of male care in this group has been driven by consistent ecological
and/or life-history variables.

Males care when they can mate multiply
Our results support the reproductive success hypothesis, i.e. that males should be more
likely to care (here, as biparental caregivers) when afforded opportunities to mate multiply. We
found that the evolution of mode of care and sex of the caregiver are associated with one another
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in African cichlids. The high frequency of biparental guarders and rarity of biparental
mouthbrooders suggests that male care may be more likely in a guarding system, where males
can increase their reproductive success through multiple mating. Guarding is associated with
multiple mating across fishes (Perrone Jr and Zaret, 1979; Baylis, 1981), and even in biparental
cichlids presumed to be monogamous, guarding males often desert their current partner and
brood when mating opportunities arise (i.e. “facultative polygyny”; Kuwamura, 1986). It is
estimated that in as many as 90% of bony fish with paternal care, males can continue to mate
with additional females while guarding a brood (Gross and Sargent, 1985; Smith and Wootton,
1995). Guarding is thought to impose little additional cost for territorial males, as territory
defense can serve the dual purpose of defending breeding grounds and offspring (Smith and
Wootton, 1995; Chapter 1). Clutch sizes are also larger in substrate guarders compared to
mouthbrooders (0.60 ± 0.30, P=0.048; Table 3.7A). In our dataset, mean clutch size was 382
eggs for guarders and 94 eggs for mouthbrooders (data not shown), and Kuwamura (1997b)
noted that guarders can care for close to 1000 eggs at a time, while mouthbrooded clutches
generally do not exceed 100 eggs. We hypothesize that the association between substrate
guarding and biparental care may be driven by the fitness benefits that caring males receive from
additional mating opportunities and larger clutches when guarding.
In contrast to the pattern observed in guarding species, brood desertion in mouthbrooders
is rare (but has been documented for both sexes in S. galilaeus, Balshine-Earn and Earn, 1998).
Mouthbrooding by males likely limits the evolutionary benefits of multiple mating due to the
clutch size constraint imposed by the limited space of the oral cavity (Kidd et al. 2012), and
males may also be energetically limited by this form of care (Smith and Wootton, 1995).
Polygyny is the norm in female-only mouthbrooders, indicating that males take advantage of

69

additional mating opportunities when not constrained by care (Keenleyside, 1991). While the
frequency of multiple mating was not explicitly considered in our analysis, future work
comparing clutch sizes and mating behavior of guarders and mouthbrooders could help to clarify
the extent to which polygyny and mode of care are associated with increased reproductive
success in cichlids.

Females produce larger clutches when males help
As expected, we found a tradeoff between egg and clutch size, and a positive relationship
between body size and clutch size, trends that have been well documented in cichlids (Smith and
Fretwell, 1974; Kolm et al., 2006b; Barneche et al., 2018). Model results also indicate that clutch
size is larger in species with biparental care relative to maternal-care species. This is consistent
with general patterns in bony fishes (Chapter 2) and supports the hypothesis that male
contributions to care allow females to invest more energy in gamete production (“reproductive
budgets hypothesis”). Our results suggest that even when females are still involved in offspring
care, male participation in care loosens the constraints on the female reproductive budget,
allowing for higher female fecundity. This finding stands in contrast to the “anisogamy
hypothesis”, which predicts that maternal care should be more common when female investment
in gametes is high (Trivers, 1972).
While “load lightening” (i.e. distributing costs of care across fathers and helpers,
lightening the energetic demand of reproduction in females; Heldstab et al., 2017) has previously
been demonstrated in species with biparental care and cooperative breeding systems (Taborsky,
1984; West and Capellini, 2016; Heldstab et al., 2017), alternative explanations have been
proposed for the correlation between male care and increased clutch sizes. Balshine-Earn and
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Earn (1998) suggested that biparental care evolves in response to selection for larger clutch size
in mouthbrooders because a single parent is limited in the number of eggs he/she can orally
incubate (see arguments above). This notion is supported by our results that show that clutch size
is larger in guarders than in mouthbrooders (Table 3.7A), suggesting that clutch size is indeed
constrained when eggs are orally brooded (Nagoshi and Yanagisawa, 1997; Kidd et al. 2012).
We maintain that while larger clutch size may select for additional care in mouthbrooders, this
argument is less applicable for substrate guarders, whose clutch sizes are not limited by the size
of the buccal cavity (Blumer, 1979).

Egg size is larger in mouthbrooders
We found that egg size is larger in mouthbrooders relative to substrate guarders (Table
3.7B), a pattern that has been previously observed in a number of cichlid taxa (Lowe-Mcconnell,
1959; Fryer and Iles, 1972). Oral brooding is thought to provide a safer environment for
offspring compared to guarding (Nagoshi and Yanagisawa, 1997; Kidd et al. 2012), and Konings
(1988) suggested that lower offspring mortality in mouthbrooders favored the evolution of
larger, fewer eggs. Interestingly, Lowe-McConnell (1959) noted that when guarders temporarily
carry offspring, small eggs may be lost through the gill rakers (i.e. the comb-like filters
protecting the gills). This suggests that the evolution of large eggs may have been a necessary
precursor for the successful radiation of mouthbrooding. Comparison of the evolution of egg size
and care mode shows that transitions to larger eggs predated the evolution of mouthbrooding in a
number of instances (Figure 3.5), providing preliminary support for this hypothesis. Future work
will use statistical tests to determine the order of transitions between egg size and care mode and
this group.
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Egg size was found to be unrelated to female-only or biparental care (Table 3.7B), failing
to support both the “reproductive budgets hypothesis” and the “anisogamy hypothesis”. Instead,
our results suggest that mode of care has a strong influence on egg size. In a biparental
mouthbrooder (Microdontochromis sp.), egg size is unusually small, but offspring fed within the
buccal cavity show a tenfold increase in dry weight during incubation (Yanagisawa et al., 1996).
This suggests that constraints on egg size may be compensated for during brooding, so that while
male participation in care may not be associated with larger eggs per se, it may contribute to
larger offspring.
Although egg size has been shown to covary with body size across many animal groups
(Clutton-Brock, 1991; Barneche et al., 2018) as well as in our previous study of bony fish
(Chapter 2), we did not find a significant relationship between these traits in the present analysis.
In a comparative study of cichlids, Kolm et al. (2006b) demonstrated a positive relationship
between egg, clutch, and body size, however caregiver and mode of care were not included as
covariates in this study. Our results suggest that care mode may be a better predictor of egg size
than are body size and clutch size predictors, highlighting that care is an essential component to
understanding the evolution of life history traits and must be incorporated into studies aimed at
disentangling reproductive investment and tradeoffs.
Interestingly, Kasimatis and Riginos (2016) found a significant relationship between egg
size and body size in coral reef species with high levels of parental care, but did not find a
pattern between these variables in species with minimal or no care, suggesting that mode of care
may affect the relationship between egg size and body size. Sargent et al. (1987) found a positive
relationship between egg and body size in a population of coho salmon, but not across species of
the sunfish family (Centrachidae), suggesting that while a relationship between egg size and

72

body size may be found within a species, it may be confounded by additional variables (such as
habitat and mode of care) when comparing across species.
Strong selection on clutch size may impose constraints on egg size evolution (CluttonBrock, 1991; Kolm and Ahnesjö, 2005), and egg size can also be influenced by a variety of
environmental factors including habitat, prey availability, and predation risk (reviewed in
Clutton-Brock, 1991). A comparative study focused on maternal mouthbrooding cichlids found
that large eggs evolved independently in pelagic and rocky habitats throughout the African Great
Lakes (Duponchelle et al., 2008), suggesting that habitat may be a particularly critical factor in
the evolution of egg size. The authors suggest that large egg size may have been an adaptation to
the high risk of predation in rocky and pelagic habitats (Duponchelle et al., 2008).

Care duration is longer in biparental species
In contrast to our prediction, model results show that care duration is extended when
males and females provide joint care (Table 3.7C). These findings stand in contrast to previous
work in mammals that suggested that accelerated brooding time was a key benefit of biparental
care (West and Capellini, 2016). Extended brooding duration may indicate high offspring risk,
and may select for care from both parents during this precarious period (Nagoshi and
Yanagisawa, 1997). Indeed, Kuwamura (1997b) suggested that increased predation pressure in
ancestral uniparental care species extended the care period to include protection of mobile fry,
which demanded participation from both parents. This theory is supported by empirical work on
the maternal mouthbrooder Ctenochromis horei, which exhibits extended brooding periods in
response to predator risk (Taborsky and Foerster, 2004).
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While we did not find evidence that biparental care accelerates offspring development,
the possibility that biparental care increases reproductive rates cannot be ruled out. Reproductive
rates are influenced not only by care duration, but also by the time interval between broods when
individuals are unable to mate. Even if care duration is extended in biparental species, shorter
interbrood intervals could still increase breeding frequency in this group (Smith and Wootton,
1995). When both sexes participate in mouthbrooding, females can feed while caring, reducing
the energetic load on the female and increasing the reproductive output of the pair (Nagoshi and
Yanagisawa, 1997). Comparisons of breeding frequency between maternal and biparental
caregivers could provide a clearer understanding of how reproductive rates are affected when
both parents care.

CONCLUSION
We found that the sex of the caregiver and mode of care are both important drivers of life
history and reproductive patterns in African cichlids. Our data suggest that biparental care likely
evolved with guarding, an association that we suggest could be due to the fitness advantages
associated with the potential for multiple mating in guarding species. We also show that
biparental carers produce larger clutches than species with maternal care, suggesting that females
can produce more eggs when their reproductive budgets are not constrained by the energetic
demands of uniparental care. Care, in contrast to our predictions, is extended in biparental
species, a result that could be explained if offspring in such systems require longer periods of
protection. Our study highlights how the use of reproductive diverse groups of closely related
taxa can be used to study the evolutionary drivers of parental care.
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TABLES AND FIGURES

Table 3.1. Likelihood ratio tests for full and reduced PGLS models.
Clutch size, egg size, and body size have been log-transformed. Continuous predictors have also
been mean-centered.

Response

Predictors, full
model

Predictors,
reduced model

Lh, full
model

Lh,
reduced
model

LRT

Clutch
size
(N=78)

Caregiver * Care
mode * Body size
* Egg size

Caregiver + Care
mode + Body size
+ Egg size

-88.30

-92.24

n.s. (p=
0.72)

Egg size
(N=105)

Caregiver * Care
mode * Body size

Caregiver + Care
mode + Body size

-15.47

-17.11

n.s. (p=
0.51)
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Table 3.2. Summary of reproductive data collected for cichlids.
Overview of the number of cichlid species for which reproductive data were collected, by (A)
categorical traits, and (B) continuous traits. Median values are reported for continuous traits with
the range of values indicated in parentheses.
A.

Sex
of
caregiver

Male
Female
Biparental
Total

Mouthbrooder
2
223
32
257

Mode of care
Substrate guarder
0
14
102
116

Total
2
237
134
373

B.
Trait
Clutch size
Egg size
Care duration
Body size

N
200
106
106
358

Median
55 eggs (8-7900)
2.6 mm (0.8-7.0)
21 days (8-252)
15 cm (4-80)
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Table 3.3. Comparison of cichlid care trends between datasets.
Comparison of data collected for species included in Wagner et al. (2012) phylogeny (N=373) in
bold and a larger dataset with additional species (N=636) not included in the phylogeny (in
parentheses).

Sex
of
caregiver

Male
Female
Biparental

Mode of care
Mouthbrooder
Substrate guarder
1% (1%)
0% (0%)
87% (86%)
12% (14%)
12%

(13%)

88%

(86%)
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Table 3.4. Phylogenetic signal for focal traits in cichlids.
Pagel’s λ was estimated for each trait to test for phylogenetic signal. A likelihood ratio test was
used to assess whether the maximum likelihood value of λ for each trait (λML) was significantly
greater than zero (i.e. trait evolution independent of phylogeny). LLML is the log-likelihood of a
model fitted with λML, LL0 is the log-likelihood of a model where λ=0.

Trait

λML

LLML

LL0

Caregiver
Care mode
Care duration
Egg size
Clutch size
Body size

0.94
1.00
1.00
0.97
0.90
0.94

-154.58
-25.38
-55.19
-31.91
-294.28
-223.26

-338.97
-232.76
-78.87
-78.57
-333.40
-325.05

2*Loglikelihood ratio
368.77
414.76
47.35
93.32
78.24
203.58

P
value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Table 3.5. Estimated number of transitions for care mode and caregiver in cichlids.
Average number of character changes between care states (transition rates in parentheses)
estimated under various evolutionary models for the evolution of (A) mode of care (Mb:
mouthbrooding; Sg: substrate guarding) and (B) caregiver (B: biparental; F: female; M: male).
Log-likelihood (LL) and AIC values are reported for each model (ER: equal-rates; SYM:
symmetrical-rates; ARD: all-rates-different). The best-fit models based on AIC weights are
indicated with an asterisk.
A.
Model

LL

AIC

ER

-160.58

323.16

SYM

-142.12

290.24

ARD*

-138.74

289.47

BàF
22.2
(1.02)
28
(2.31)
29
(2.36)

BàM
2.3
(1.02)
1
(0.05)
0
(0)

Fà B
13.2
(1.02)
21
(2.31)
16
(1.86)

FàM MàB MàF
2.1
2.3
1.0
(1.02) (1.02) (1.02)
1
0
0
(0.16) (0.05) (0.16)
4
5
0
(0.46) (22.79)
(0)

Total
43.0
50.5
53.0

B.
Model

LL

AIC

ER*

-26.05

54.09

ARD

-25.14

54.28

MbàSg SgàMb
1
4
(0.27)
(0.27)
0
5
(0.05)
(0.46)

Total
5.7
5.8
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Table 3.6. Test for correlated evolution between caregiver and mode of care.
Pagel’s test for correlation between the caregiver (biparental/female) and mode of care (substrate
guarding/mouthbrooding). L(I) is the log-likelihood of the model of independent changes
between traits, L(D) is the log-likelihood of the model assuming correlated changes between
traits, and LR is the likelihood ratio between the two values. Total number of species used in this
analysis: 371 (female mouthbrooders: N=223; female substrate guarders: N=14; biparental
mouthbrooders: N=32; biparental substrate guarders: N=102).

Traits
Care
mode,
Caregiver

L(I)

L(D)

LR

P value

-153.84

-121.93

63.80

<0.001
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Table 3.7. Reduced PGLS models for clutch size, egg size, and care duration.
Results for reduced PGLS models to test the effect of care on (A) clutch size (number of eggs),
(B) egg size (diameter measured in millimeters), and (C) care duration (days). Care traits are
coded as binary characters: biparental care (1) is compared to female care (0), and substrate
guarding (1; “Sg”) is compared to mouthbrooding (0). Significant values are indicated in bold.
For each model, we report the maximum likelihood value for phylogenetic signal (λ), the
coefficient of determination, adjusted (R²), and the log-likelihood of the reduced model (Lh).
The intercept represents the mean value of the response variable for a female mouthbrooder
(Table 3.7A: at mean egg size and body size; Table 3.7B: at mean body size), log-transformed.
See Table 3.1 for comparison between full and reduced models. Sample sizes for (A): 78 species,
including 40 female mouthbrooders, 5 female substrate guarders, 11 biparental mouthbrooders,
and 22 biparental substrate guarders. Sample sizes for (B): 105 species, including 58 female
mouthbrooders, 6 female substrate guarders, 13 biparental mouthbrooders, and 28 biparental
substrate guarders. Sample sizes for (C): 105 species, including 70 female mouthbrooders, 6
female substrate guarders, 15 biparental mouthbrooders, and 14 biparental substrate guarders.
A.

Clutch size (eggs)
λ= 0; R²= 0.67; Lh= -92.24
Predictors
Estimate
S.E.
t value
Intercept
3.83
0.15
25.99
Biparental care
0.75
0.24
3.14
Substrate guarding
0.60
0.30
2.01
Egg size
-0.79
0.29
-2.73
Body size
1.82
0.19
9.40

P value
<0.001
0.002
0.048
0.008
<0.001

Egg size (mm)
λ=0.93; R²= 0.23; Lh= -17.11
Predictors
Estimate
S.E.
Intercept
1.29
0.46
Biparental care
-0.11
0.08
Substrate guarding
-0.75
0.15
Body size
0.09
0.06

t value
2.82
-1.34
-4.84
1.36

P value
0.006
0.183
<0.001
0.178

Care duration (days)
λ>0.99; R²= 0.05; Lh= -52.13
Predictors
Estimate
S.E.
Intercept
2.40
1.29
Biparental care
0.39
0.16
Substrate guarding
0.35
0.41

t value
1.86
2.47
0.84

P value
0.066
0.015
0.403

B.

C.
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A.

B.

Figure 3.1. Ancestral state reconstruction of mode of care in cichlids.
Ancestral state reconstruction of mode of care under an (A) equal-rates model, and (B) all-ratesdifferent model. Trees are each based on a summary of 1000 simulation replicates. Pie charts at
internal nodes represent maximum-likelihood support for depicted character reconstruction
(N=373 species).
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A.

B.

Figure 3.2. Ancestral state reconstruction of caregiver in cichlids.
Ancestral state reconstruction of caregiver under an (A) symmetrical-rates model, and (B) allrates-different model. Trees are each based on a summary of 1000 simulation replicates. Pie
charts at internal nodes represent maximum-likelihood support for depicted character
reconstruction (N=373 species). “S.m.” and “S.o.” refer to the two species with male care,
Sarotherodon melanotheron and Sarotherodon occidentalis, respectively.
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B. Dependent
A. Independent
Mb

0.45

Biparental

0.06

Sg

2.37

2.32

Female

Mb,
Biparental

0.50

10.53
0.25

0

0.25

Sg,
Biparental

Mb,
Female

31.72
3.19

0

Sg,
Female

Figure 3.3. Estimated number of transitions for mode of care and caregiver.
Estimated transition rates for mode of care (substrate guarder: Sg; mouthbrooder: Mb) and
caregiver (biparental/female) under models of (A) independent and (B) dependent evolution.
Arrow thickness is proportional to rate. The dependent model of evolution was a significantly
better fit to the data compared to the independent model (Table 3.6).
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Mode
of care

Caregiver

Ptychochromis oligacanthus
Paratilapia polleni
Pterochromis congicus
Pelmatochromis nigrofasciatus
Pelmatochromis buettikoferi
Hemichromis elongatus
Hemichromis bimaculatus
Hemichromis guttatus
Tylochromis leonensis
Tylochromis lateralis
Tylochromis bangwelensis
Tylochromis polylepis
Thysochromis ansorgii
Chromidotilapia guntheri
Pelvicachromis pulcher
Pelvicachromis humilis
Nanochromis parilus
Tilapia brevimanus
Steatocranus irvinei
Tilapia discolor
Tilapia busumana
Tilapia joka
Tilapia buttikoferi
Tilapia cessiana
Tilapia gutturosa
Tilapia bemini
Tilapia snyderae
Tilapia bakossiorum
Tilapia imbriferna
Tilapia flava
Tilapia kottae
Tilapia deckerti
Tilapia walteri
Tilapia rendalli
Tilapia zillii
Tilapia nyongana
Tilapia rheophila
Tilapia louka
Tilapia guineensis
Tilapia dageti
Tilapia tholloni
Tilapia ruweti
Tilapia sparrmanii
Tilapia guinasana
Steatocranus tinanti
Steatocranus gibbiceps
Steatocranus ubanguiensis
Steatocranus casuarius
Trematocara unimaculatum
Bathybates fasciatus
Bathybates hornii
Bathybates ferox
Bathybates vittatus
Bathybates leo
Bathybates graueri
Bathybates minor
Hemibates stenosoma
Cyphotilapia frontosa
Gnathochromis permaxillaris
Limnochromis auritus
Reganochromis calliurus
Triglachromis otostigma
Limnochromis abeelei
Greenwoodochromis christyi
Limnochromis staneri
Xenotilapia longispinis
Xenotilapia boulengeri
Xenotilapia bathyphila
Xenotilapia papilio
Xenotilapia spiloptera
Xenotilapia flavipinnis
Xenotilapia melanogenys
Xenotilapia sima
Xenotilapia ochrogenys
Cardiopharynx schoutedeni
Ophthalmotilapia boops
Ophthalmotilapia nasuta
Cyathopharynx furcifer
Ophthalmotilapia ventralis
Ophthalmotilapia heterodonta
Ectodus descampsii
Cunningtonia longiventralis
Aulonocranus dewindti
Lestradea perspicax
Callochromis melanostigma
Callochromis macrops
Callochromis pleurospilus
Xenotilapia ornatipinnis
Grammatotria lemairii
Orthochromis rubrolabialis
Orthochromis mazimeroensis
Orthochromis malagaraziensis
Orthochromis mosoensis
Orthochromis kasuluensis
Orthochromis uvinzae
Orthochromis luichensis
Ctenochromis pectoralis
Astatoreochromis alluaudi
Pseudocrenilabrus multicolor
Pseudocrenilabrus multicolor victoriae
Pseudocrenilabrus nicholsi
Thoracochromis moeruensis
Pseudocrenilabrus philander
Thoracochromis demeusii
Ctenochromis polli
Serranochromis thumbergi
Serranochromis robustus
Thoracochromis albolabris
Thoracochromis buysi
Serranochromis angusticeps
Serranochromis meridianus
Sargochromis carlottae
Chetia flaviventris
Sargochromis codringtonii
Pharyngochromis acuticeps
Sargochromis giardi
Serranochromis macrocephalus
Orthochromis polyacanthus
Thoracochromis brauschi
Schwetzochromis neodon
Tropheus brichardi
Tropheus moorii
Tropheus polli
Petrochromis famula
Petrochromis polyodon
Petrochromis macrognathus
Petrochromis trewavasae
Lobochilotes labiatus
Simochromis babaulti
Simochromis diagramma
Petrochromis orthognathus
Petrochromis fasciolatus
Limnotilapia dardennii
Ctenochromis horei
Gnathochromis pfefferi
Pseudosimochromis curvifrons
Simochromis marginatus
Tropheus duboisi
Astatotilapia desfontainii
Iodotropheus sprengerae
Aulonocara jacobfreibergi
Melanochromis johannii
Melanochromis parallelus
Labidochromis gigas
Pseudotropheus crabro
Melanochromis vermivorus
Pseudotropheus livingstonii
Pseudotropheus microstoma
Pseudotropheus lanisticola
Melanochromis auratus
Astatotilapia calliptera
Pseudotropheus barlowi
Melanochromis simulans
Genyochromis mento
Maylandia callainos
Aulonocara stuartgranti
Aulonocara baenschi
Maylandia zebra
Pseudotropheus tropheops
Pseudotropheus aurora
Cynotilapia afra
Gephyrochromis lawsi
Labidochromis vellicans
Labeotropheus trewavasae
Pseudotropheus elongatus
Pseudotropheus williamsi
Labeotropheus fuelleborni
Melanochromis melanopterus
Placidochromis milomo
Diplotaxodon limnothrissa
Rhamphochromis longiceps
Rhamphochromis leptosoma
Rhamphochromis macrophthalmus
Rhamphochromis esox
Copadichromis virginalis
Protomelas annectens
Protomelas spilopterus
Cyrtocara moorii
Otopharynx argyrosoma
Otopharynx heterodon
Ctenopharynx pictus
Copadichromis borleyi
Copadichromis chrysonotus
Buccochromis oculatus
Dimidiochromis kiwinge
Dimidiochromis compressiceps
Buccochromis heterotaenia
Aristochromis christyi
Buccochromis nototaenia
Tramitichromis brevis
Tramitichromis variabilis
Champsochromis spilorhynchus
Buccochromis lepturus
Lethrinops auritus
Tyrannochromis nigriventer
Hemitilapia oxyrhyncha
Trematocranus placodon
Buccochromis atritaeniatus
Nimbochromis polystigma
Copadichromis mbenjii
Nimbochromis livingstonii
Nimbochromis linni
Nimbochromis venustus
Fossorochromis rostratus
Corematodus taeniatus
Protomelas taeniolatus
Copadichromis quadrimaculatus
Eclectochromis ornatus
Protomelas fenestratus
Nimbochromis fuscotaeniatus
Labidochromis caeruleus
Dimidiochromis strigatus
Tramitichromis intermedius
Cheilochromis euchilus
Chilotilapia rhoadesii
Placidochromis johnstoni
Maravichromis mola
Protomelas similis
Copadichromis eucinostomus
Sciaenochromis psammophilus
Stigmatochromis modestus
Exochochromis anagenys
Stigmatochromis woodi
Lethrinops furcifer
Astatotilapia tweddlei
Astatotilapia burtoni
Astatotilapia flaviijosephi
Haplochromis astatodon
Haplochromis nigroides
Haplochromis graueri
Haplochromis occultidens
Haplochromis scheffersi
Haplochromis paucidens
Thoracochromis wingatii
Astotilapia elegans
Haplochromis olivaceus
Haplochromis lividus
Haplochromis obliquidens
Platytaeniodus degeni
Haplochromis vittatus
Haplochromis crebridens
Haplochromis adolphifrederici
Astatotilapia stappersii
Astatotilapia bloyeti
Haplochromis gracilior
Plecodus elaviae
Haplotaxodon microlepis
Perissodus microlepis
Plecodus straeleni
Perissodus eccentricus
Xenochromis hecqui
Paracyprichromis nigripinnis
Paracyprichromis brieni
Cyprichromis microlepidotus
Cyprichromis leptosoma
Cyprichromis pavo
Benthochromis melanoides
Benthochromis tricoti
Neolamprologus tretocephalus
Neolamprologus prochilus
Neolamprologus buescheri
Neolamprologus modestus
Lepidiolamprologus cunningtoni
Neolamprologus tetracanthus
Neolamprologus furcifer
Julidochromis dickfeldi
Julidochromis ornatus
Julidochromis transcriptus
Chalinochromis brichardi
Chalinochromis popelini
Neolamprologus mondabu
Julidochromis regani
Julidochromis marlieri
Telmatochromis brichardi
Telmatochromis bifrenatus
Telmatochromis dhonti
Telmatochromis temporalis
Neolamprologus gracilis
Neolamprologus splendens
Neolamprologus petricola
Neolamprologus pulcher
Neolamprologus brichardi
Telmatochromis vittatus
Lamprologus congoensis
Lamprologus werneri
Lamprologus teugelsi
Telmatochromis burgeoni
Neolamprologus christyi
Neolamprologus leleupi
Variabilichromis moorii
Neolamprologus similis
Lamprologus speciosus
Neolamprologus leloupi
Neolamprologus caudopunctatus
Lamprologus lemairii
Lamprologus meleagris
Altolamprologus calvus
Altolamprologus compressiceps
Neolamprologus wauthioni
Neolamprologus fasciatus
Neolamprologus brevis
Lamprologus ocellatus
Lepidiolamprologus elongatus
Lepidiolamprologus attenuatus
Neolamprologus hecqui
Neolamprologus meeli
Neolamprologus boulengeri
Lepidiolamprologus kendalli
Lepidiolamprologus profundicola
Lamprologus callipterus
Neolamprologus multifasciatus
Lamprologus ornatipinnis
Lamprologus signatus
Lamprologus laparogramma
Lamprologus kungweensis
Neolamprologus ventralis
Neolamprologus savoryi
Neolamprologus marunguensis
Neolamprologus niger
Neolamprologus mustax
Neolamprologus bifasciatus
Neolamprologus pectoralis
Neolamprologus nigriventris
Neolamprologus cylindricus
Neolamprologus toae
Spathodus marlieri
Eretmodus cyanostictus
Spathodus erythrodon
Tanganicodus irsacae
Boulengerochromis microlepis
Tilapia mariae
Oreochromis jipe
Oreochromis amphimelas
Oreochromis karongae
Alcolapia alcalica
Alcolapia grahami
Alcolapia ndalalani
Oreochromis variabilis
Oreochromis urolepis
Oreochromis tanganicae
Oreochromis schwebischi
Oreochromis mortimeri
Oreochromis andersonii
Oreochromis mossambicus
Oreochromis macrochir
Oreochromis mweruensis
Oreochromis niloticus
Oreochromis leucostictus
Oreochromis esculentus
Tristramella simonis
Iranocichla hormuzensis
Sarotherodon galilaeus sanagaensis
Stomatepia mariae
Stomatepia pindu
Stomatepia mongo
Konia eisentrauti
Konia dikume
Pungu maclareni
Myaka myaka
Sarotherodon steinbachi
Sarotherodon linnellii
Sarotherodon caroli
Sarotherodon lohbergeri
Sarotherodon galilaeus
Oreochromis aureus
Sarotherodon nigripinnis
Sarotherodon melanotheron
Sarotherodon occidentalis
Sarotherodon caudomarginatus
Etroplus suratensis
Etroplus maculatus
Paretroplus kieneri
Paretroplus tsimoly

Figure 3.4. The distribution of mode of care and
caregiver across African cichlids.
Ancestral state reconstruction for care mode was
estimated based on the ER model from the SCM
analysis. Estimates of ancestral states for caregiver
were based on the SYM model from the SCM
reconstruction.
Legend:
Substrate guarder
Mouthbrooder
Biparental care
Female care
Male care

85

*

*

*

Sg

Mb
Care mode

Ptychoc olig
Paratil poll
Hemichr gutt
Thysoch anso
Chromid gunt
Pelvica pulc
Nanochr pari
Tilapia brev
Tilapia snyd
Tilapia bako
Tilapia imbr
Tilapia flav
Tilapia rend
Tilapia zill
Steatoc tina
Steatoc casu
Bathyba grau
Bathyba mino
Hemibat sten
Cyphoti fron
Limnoch auri
Reganoc call
Triglac otos
Limnoch stan
Xenotil spil
Xenotil flav
Xenotil mela
Cardiop scho
Ophthal boop
Ophthal nasu
Cyathop furc
Ophthal vent
Ophthal hete
Ectodus desc
Cunning long
Aulonoc dewi
Calloch mela
Calloch macr
Xenotil orna
Grammat lema
Orthoch mazi
Thoraco buys
Thoraco brau
Schwetz neod
Tropheu bric
Tropheu moor
Simochr diag
Tropheu dubo
Iodotro spre
Pseudot crab
Melanoc verm
Melanoc aura
Astatot call KS
Aulonoc stua
Pseudot trop
Cynotil afra
Labeotr trew
Pseudot elon
Rhampho macr
Otophar argy
Copadic chry
Protome taen
Eclecto orna
Protome fene
Labidoc caer
Astatot burt
Haploch obli
Xenochr hecq
Paracyp nigr
Paracyp brie
Cyprich lept
Benthoc tric
Neolamp tret
Neolamp bues
Neolamp furc
Julidoc marl
Neolamp bric
Neolamp lele
Altolam calv
Altolam comp
Neolamp fasc
Lepidio elon
Lepidio atte
Lepidio prof
Lamprol kung
Neolamp savo
Neolamp toae
Eretmod cyan
Bouleng micr
Tilapia mari
Oreochr amph
Oreochr vari
Oreochr schw
Oreochr moss
Oreochr nilo
Oreochr leuc
Oreochr escu
Stomate pind
Sarothe stei
Sarothe linn
Sarothe caro
Sarothe lohb
Oreochr aure
Sarothe occi
Etroplu macu
Paretro kien

*

*

*

7.07

0.8
Egg size (mm)

Figure 3.5. The distribution of care mode and egg size across African cichlids.
Ancestral state reconstruction for care mode was estimated based on the posterior density of
mapped characters from the SCM analysis. Estimates of ancestral states for egg size are based on
maximum likelihood using Felsenstein’s contrasts method (1985). Both reconstructions were
generated in the R package PHYTOOLS, with the functions “densityMap” and “contMap,”
respectively. Asterisks indicate locations on the phylogeny where transitions to larger egg size
appear to precede transitions to mouthbrooding. (Note: The “densityMap” function, which is
based on SCM simulations, is not possible for continuous traits and thus could not be used for
egg size reconstructions.)
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CHAPTER 4
PARENTAL INVESTMENT IN THE MALE-PREGNANT PIPEFISH, SYNGNATHUS
FUSCUS
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ABSTRACT
How much energy does a male invest in pregnancy? Here, we quantify maternal and
paternal investment in offspring in the male-pregnant pipefish, Syngnathus fuscus and test
whether relative parental investment predicts intensified sexual selection on females in this
species. By determining the dry weight of newly fertilized and mature embryos, we show,
contrary to predictions, that female care exceeds that of males in this species. We also
demonstrate that despite a moderately complex brood pouch, male pregnancy in S. fuscus does
not include active provisioning to embryos. Comparison to other pipefish species shows that S.
fuscus eggs are some of the smallest in the group, suggesting that this species employs the
“quantity over quality” approach, producing many small offspring.
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INTRODUCTION
Sexual selection, driven by intrasexual competition and intersexual mate choice, has been
invoked to explain the evolution of costly traits and ornaments that may reduce survival but
enhance reproductive success (Kirkpatrick, 1982; Pomiankowski, 1987; Veuille, 2010). Trivers
(1972) argued that apparent differences in the operation of sexual selection in the two sexes are
primarily driven by relative parental investment (RPI): males typically only contribute
energetically inexpensive sperm, while females invest energy-rich eggs and often postfertilization care. This imbalance in investment reduces females’ potential reproductive rate and
creates a male-biased operational sex ratio in which there are more mate-receptive males than
females, increasing variance in male reproductive success (Clutton-Brock, 2009). Intensified
sexual selection on males may result in sexual dimorphism and lead to competitive, often
ornamented males, and choosy females (Andersson, 1994).
In species with greater male than female parental investment, sexual selection theory
predicts competitive, ornamented females and choosy males (Balshine-Earn and Mcandrew,
1995; Berglund and Rosenqvist, 2003). Female competition and male choice have been observed
in numerous taxa including birds, frogs, fishes, and crustaceans (reviewed in Gwynne, 1991). In
phalarope birds, for example, eggs are incubated exclusively by the male and females compete
for mates (Colwell and Oring, 1988). Similarly, male Mormon crickets produce large, nutritious
spermatophores for mates and sex roles are completely reversed: females compete for access to
males and males exert mate choice (Gwynne, 1981). There is evidence for female competition
and male choice in the Bornean frog Limnonectes palavanensis as well, a species with male-only
care in which females form lek-like aggregations and produce vocalizations that are suggestive
of mate advertisement calls (Vallejos et al., 2017).
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In species in which supplementary resources are not provided during development,
embryonic growth depletes the energy stored in the yolk, and embryonic dry weights typically
decrease by 30-40% over the course of development (Gray, 1926; Macfarlane and Bowers, 1995;
Riesch et al., 2010). Thus, maintenance of embryonic weight during development is indicative of
active parental provisioning (Scrimshaw, 1945). The matrotrophy index, i.e. the dry weight of
offspring at birth divided by the dry weight of the egg at fertilization, has been used to quantify
maternal provisioning in various groups (Macfarlane and Bowers, 1995; Sinnreich et al., 1998;
Reznick et al., 2002). Studies of matrotrophic poeciliid fish have revealed that female energetic
investment after fertilization can be substantial, with juvenile dry weights in these species
reaching up to 20 times more than that of newly deposited eggs (Reznick et al., 2002). Paternal
provisioning can be estimated in a similar fashion in male-pregnant species by comparing the
weights of newly fertilized eggs and newly released offspring. Increases in dry weight over
pregnancy relative to non-caring species can be attributed to male care, providing an estimate of
paternal investment (sensu Reznick et al., 2002).
Even within a species, investment patterns can vary substantially. Seasonal differences in
reproductive output have been well-documented (Bjorndal and Carr, 1989; Robertson and Collin,
2015; Brown et al., 2017), owing to a number of reasons including mate availability
(Qvarnström et al., 2000), temperature (Feiner et al., 2016), food availability (Dybala et al.,
2013), and predation pressure (Winemiller, 1989). Temporal variation in reproductive effort can
directly influence the strength of sexual selection across the season. In the two-spotted goby
(Gobiusculus flavescens), there is marked within-season variation in sexual selection on males,
which may result from the inability of larger paternal males to breed later in the season due to the
high effort of care expended earlier in the year (Forsgren et al., 2004; Wacker et al., 2014).
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In Family Syngnathidae (pipefish, seahorses, and seadragons), males are the exclusive
providers of post-zygotic care, and male care ranges from the ventral gluing of eggs on the
male’s body to fully enclosed placenta-like brooding organs (Wilson et al., 2003). While
seahorses had long been assumed to have female competition and male choice due to the high
investment associated with pregnancy, many seahorse species have competitive males and
choosy females, while pipefish species with simple egg-gluing often show female competition
and male choice (Vincent, 1994b; Wilson et al., 2003).
The lack of association between brood pouch complexity and sex roles in seahorses
highlights the fact that it is the relative investment of males and females in a breeding group (i.e.
RPI), and not solely gametic investment, that predicts the direction of sexual selection and thus
sex roles (Berglund and Rosenqvist, 2003). While male pregnancy in syngnathids protects
embryos during their development and is thus undoubtedly indicative of paternal care (Chapter
1), the total investment on the part of the male does not necessarily outweigh female
reproductive effort in this group (Berglund et al., 1986; Vincent, 1994a). Even if brood pouch
complexity accurately reflects male investment, parental investment theory would predict
competitive males and choosy females if female total investment exceeds that of males in species
with more complex brooding structures. Intriguingly, Berglund et al. (1986) showed that the tailbrooding pipefish Nerophis ophidion shows female competition and male choice, despite the fact
that females’ parental investment appears to exceed that of males. Energy quantification in this
study, however, was based on respiration rates that were measured following embryo removal
from males, despite the removal having an obvious impact on respiration, and are thus likely not
representative of undisturbed, resting rates (Berglund et al., 1986; Masonjones, 1997). The
intriguing results of the Berglund et al. (1986) study underscore the need for additional work
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with more accurate methods to clarify the relationship between sex roles and parental investment
in Syngnathidae (Berglund and Rosenqvist, 2003).
The northern pipefish Syngnathus fuscus is a particularly interesting candidate in which
to carry out this test. S. fuscus females produce nutritionally poor eggs and paternal provisioning
is high relative to the sympatric congener Syngnathus floridae (Ripley and Foran, 2006a). While
there are no apparent secondary sexual characteristics in S. floridae, females of S. fuscus develop
silver bars along their trunks prior to mating (Ripley and Foran, 2006a), suggesting that they may
be the target of sexual selection.
We aim here to directly quantify relative parental investment in S. fuscus, determining the
dry weight of newly-fertilized eggs (the sole form of female investment) and embryos across all
stages of pregnancy in field-collected animals. Male investment is estimated based on the dry
weight difference between newly fertilized and fully mature (i.e. offspring stage immediately
preceding parturition) embryos. If both sexes are investing equally, we would expect energy
invested into eggs (female investment) to equal the amount of energy invested into embryo (male
investment). Based on results from lecithotrophic systems, we expect that embryos typically lose
30% of their dry weight during development due to yolk metabolization (Gray, 1926), suggesting
that embryos losing less than this amount are receiving supplementary provisioning during
development. If a female produces a 1 mg egg, the male must contribute at least 1 mg to embryo
weight to have contributed the same level of investment to offspring growth. Taking into
consideration the 30% energy loss from yolk metabolization (i.e. 0.3 mg), a final embryo weight
of 1.7 mg would thus reflect equal male and female investment (i.e. 1 mg from female, minus 0.3
mg of metabolized energy, plus 1 mg from male). Male investment can be calculated using the
following equation: [mature embryo weight – (initial embryo weight * 0.7)].
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Given the potential for temporal variation in parental investment, we collected data over
twelve time points to cover the entire breeding season. The apparent nutrient provisioning in S.
fuscus males and ornamentation in females (Ripley and Foran, 2006a) are consistent with
predictions for the direction of sexual selection proposed by Trivers (1972). Here, we investigate
male and female parental investment in S. fuscus, in order to (1) quantify female parental
investment, and (2) calculate male energetic investment in developing offspring, in order to
determine (3) the relative parental investment of the sexes. By comparing the weights of newly
fertilized and fully mature embryos, we also determine the patrotrophy index for this species,
allowing for the contextualization of male reproductive investment with other syngnathid
species. Finally, we investigate whether embryo weight is related to brood size. A negative
relationship between egg size and number has been widely documented across species (Barneche
et al., 2018, see also Chapters 2-3), and we seek to determine whether egg size is negatively
associated with brood size in this group.

METHODS
Collections and weight measurements
Field collections for Syngnathus fuscus were carried out in Shinnecock Bay, New York,
USA (40°51'22.37"N, 72°30'3.063"W), from June through September 2014 and again from April
to June 2015, every 14- 20 days for a total of twelve collections (SB1- SB12). Collection
methods are described in detail in Chapter 5. Collected specimens were stored in 75% ethanol for
further laboratory analysis. The total length of pregnant males was measured, and embryos were
counted and assigned a developmental stage: (1) early embryogenesis, (2) optic vesicles, (3)
optic cups, (4) eye pigmentation, (5) ventral jaws, (6) frontal jaws, and (7) protruding snout
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(following Sommer et al, 2012). While Sommer et al. (2012) subdivided early embryogenesis
(i.e. the first stage of development), into four sub-phases, we did not distinguish between these
sub-phases due to the difficulty in categorizing them by eye. These sub-stages collectively
represent only one-seventh of total development time (Sommer et al., 2012), and thus their
consolidation into a single stage more accurately reflects the relative duration of each stage.
Following the classification of development, 100 evenly spaced embryos (or the entire brood, if
brood size was less than 100) were extracted from each male brood pouch. Embryos from each
brood were placed in a pre-weighed weigh boat and were dried for at least 24 hours at 60 ºC in a
MaxQ 4450 incubator (ThermoScientific). Weigh boats with dried broods were then weighed on
an XS205 Dual Range balance (Mettler-Toledo), and weigh boat weight was subtracted to obtain
brood mass. In order to determine the extent of intrabrood variation, we carried out a pilot study,
weighing embryos in groups of 4 until 100 embryos were weighed (or until the entire brood was
measured for brood sizes containing less than 100 embryos) for 27 broods (14 early-stage broods
and 13 late-stage broods), calculating the coefficient of variation (i.e. standard deviation divided
by the mean) for each brood. Embryo weight measurements from this pilot study were not used
in further analyses.

Statistical analyses
Embryo age was estimated based on developmental stage of embryos and pregnancy
length. Pregnancy length in this population is approximately 14 days at 22 °C (unpublished data;
Todd Gardner, personal communication), and thus stage 1 broods were assumed to be 2 days old,
stage 2 broods were assumed to be 4 days old, stage 3 broods were assumed to be 6 days old,
etc., based on the developmental times of pregnancy stages estimated by Sommer et al. (2012).
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The fertilization date for broods was then estimated by subtracting brood age from collection
date and was included as a predictor of embryo weight. Collection year was coded as a separate
variable and was included as a covariate.
Female investment was estimated as the weight of newly fertilized embryos (i.e. stage 1
embryos). Male investment was subsequently estimated by subtracting female investment
following yolk metabolization (i.e. 70% of stage 1 embryo weight) from the dry weight of the
mature embryo (i.e. stage 7) weight. We also estimated paternal provisioning using the
patrotrophy index (PI), i.e. the dry weight of stage 7 embryos (i.e. near-juveniles) divided by
stage 1 embryos (adapted from the matrotrophy index; Reznick et al., 2002). To assess which
factors contribute to embryo size, we constructed a linear model including average embryo dry
weight (mg) per brood as the response variable and the following predictors: embryo
development stage (1-7), male total length (cm), brood size, collection date (SB1- SB12),
collection month (May to September), year (2014-2015), and date of fertilization. Embryo dry
weight, total length and brood size data were assessed for normality and non-normal variables
were natural-log transformed, after which they were normally distributed. Embryo stage, dry
weight, fertilization day, brood size, and total length predictors were mean centered. Stepwise
variable selection was used to identify the best-fit model. Model selection was performed
separately using two different criteria, adjusted R-squared and Akaike information criterion
(AIC), in the R statistical software, version 3.4.4 (R Core Team, 2018). The “RegBest” function
in FactoMineR, version 1.41 (Lê et al., 2008) was used to identify the model with the highest
adjusted R-squared (i.e. the proportion of variance explained by the model, penalized by the
number of parameters included). Stepwise selection using AIC (the log-likelihood penalized by
the number of parameters) was executed in the R package MASS, version 7.3-51.4 with the

95

“stepAIC” function (Ripley et al., 2013). We then constructed a linear model including brood
size as the response variable and the following predictors: embryo development stage (1-7), male
total length (cm), embryo dry weight (mg), collection date (SB1- SB12), collection month (May
to September), year (2014-2015), and date of fertilization. Log transformation of variables was
identical to that of the model predicting embryo dry weight (above). Stage, fertilization day,
embryo dry weight (mg), and total length variables were centered on the mean. The model
selection process described above for the model predicting dry embryo weight was repeated for
the model predicting brood size.

RESULTS
A total of 104 pregnant males were collected for brood analysis (Table 4.1), including 35
early-stage broods (stage 1), 35 mid-stage broods (stages 2-4), and 34 late-stage broods (stages
5-7). The earliest date of fertilization represented in sampled broods was May 8th, and the latest
date of fertilization was estimated to be September 3rd. Mean male body size and brood size were
smallest in SB11 (13.2±1.7 cm and 147±55 embryos) and largest in SB4 (17.9±2.2 cm and
664±329 embryos). A single outlier was removed from the dataset (mean embryo dry weight of
brood > 0.19 mg), due to suspicion that this value may have resulted from measurement error.
The coefficient of variation, calculated to determine the extent of variation between embryo
weights within a brood, ranged from 1.8% to 22.3% (mean=7.3%, median=4.4%; Figure 4.1).
Mean embryo dry weight for early-stage broods ranged from 0.04±0.02 mg (SB5) to 0.11±0.02
mg (SB10). The lightest mid-stage broods were collected in SB6 (average dry weight 0.06±0.03
mg) and the heaviest broods were collected in SB12 (mean weight 0.11 mg, N=1). Mean embryo
dry weight for late-stage broods ranged from 0.01 mg for a single brood collected in SB11, to
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0.12 mg for a single brood collected in SB1. Across collections, mean embryo dry weight for
early-stage broods (i.e. stage 1) was 0.091±0.032 mg, 0.089±0.036 mg for mid-stage broods
(stages 2-4), and 0.071±0.028 for late-stage broods (stages 5-7; Figure 4.2). Mean embryo dry
weight at stage 7 was 0.066±0.030 mg (Table 4.5).
Female investment was estimated to be 0.091±0.032 mg per embryo (i.e. embryo dry weight
at stage 1). Male investment was estimated to be 0.002±0.002 mg per embryo (i.e. [stage 7
embryo dry weight]-[0.7*stage 1 embryo dry weight]). The PI value was estimated to be 0.73
(i.e. mean embryo dry weight at stage 7 divided by mean embryo dry weight at stage 1),
suggesting that S. fuscus is lecithotrophic.
Male total length and brood size data were natural-log transformed to approximate a normal
distribution (n.b. embryo size data were not transformed as they fit a normal distribution;
Shapiro-Wilk’s W=0.99, P=0.47 on untransformed data). For the model predicting embryo dry
weight, model selection using both adjusted R-squared and AIC as criteria indicated that the
best-fit model included embryo development stage and fertilization date as predictors (adjusted
R-squared=0.13, log-likelihood=213.90, AIC=-419.80; Table 4.2). Corroborating the PI
estimate, the best-fit linear model showed a decrease in embryo size across pregnancy (0.003±0.001, P=0.015). In addition, embryo size decreases across the season, as indicated by the
negative association between fertilization date and embryo size (-0.000278 ± 9.54E-05, P=0.004;
Figure 4.3). There was no significant difference in likelihood between full and reduced models
(likelihood-ratio test: LR= 0.142, P>0.999; Table 4.2).
The best fit model predicting brood size, based on both adjusted R-squared and AIC,
included embryo stage, male total length, and year as significant predictors (adjusted Rsquared=0.56, log-likelihood=-61.35, AIC=132.71; Table 4.3). Brood size showed a strong
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positive association with male TL (2.000 ± 0.358, P<0.001), indicating that larger males carry
larger broods. There was a significant association between brood size and year (-0.559 ± 0.110,
P<0.001), indicating that broods were smaller in 2015 compared to 2014. Brood size was also
negatively associated with pregnancy stage, however this predictor appeared to be only
marginally significant (-0.042 ± 0.020, P=0.041). Once again, there was no significant difference
in likelihood between full and reduced models (likelihood-ratio test: LR= 0.992, P=0.991; Table
4.3).

DISCUSSION
Our results show that female parental investment exceeds male investment by at least an
order of magnitude in Syngnathus fuscus. S. fuscus is inferred to be a lecithotrophic species, with
a PI value of 0.73. Over the course of a pregnancy, S. fuscus embryos lose on average 27% of
their original dry weight, with weight loss likely attributed to metabolization of the yolk
provided by the female at the time of fertilization. Lecithotrophic species typically lose between
30-40% of embryo dry weight over the course of embryonic development, whereas species that
retain at least 80% of dry weight during development are considered to have moderate
provisioning (Reznick et al., 2002). The coefficient of variation was estimated to determine the
extent of embryo dry weight variation within broods, which may result from both biological and
methodological variation (Sinnreich et al., 1998). The variability in embryo dry weight within a
brood was low (mean=7.3%, median=4.4%; Figure 4.1), suggesting that our method of averaging
embryo weight over one hundred embryos provides an accurate estimate of per-embryo weight.
The PI value of 0.73 in this species, together with the estimate of male investment at
0.002±0.002 mg per embryo, indicates that patrotrophic provisioning in S. fuscus is negligible.
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Our results comparing male and female relative investment are particularly surprising, given the
evidence suggesting sexual selection on females in this group. We identify here three potential
explanations for this result.

1. Challenges in estimating RPI
Evidence for paternal provisioning
First, our method of comparing egg and newborn weight may not be well suited for
quantifying RPI in S. fuscus. While this technique is one of the most straightforward methods
available to quantify investment (Watanabe and Watanabe, 2002) and has been used in a number
of taxa including poecilid fish (Reznick et al., 2002; Riesch et al., 2010) and reptiles (RamírezPinilla, 2006), it does not directly quantify embryonic uptake of paternal nutrients. Ripley and
Foran (2006a) found that S. fuscus male brood pouches are highly vascularized, suggesting there
is substantial nutrient provisioning associated with pregnancy in this species. Additionally, they
found that relative to a congener, S. fuscus eggs are nutrient-poor, but newborn nutrient levels are
comparable between species, suggesting that S. fuscus males are compensating for low-nutrient
eggs with high levels of provisioning (Ripley and Foran, 2009). Importantly, they found
evidence for embryonic uptake of paternal amino acids and lipids in both S. fuscus and S.
floridae (Ripley and Foran, 2009). Evidence of paternal provisioning of nutrients was found in S.
typhle as well (Kvarnemo et al., 2011), suggesting that nutrient-provisioning may widespread in
this genus. The pipefish brood pouch is also known to provide osmoregulation to embryos
(Braga Goncalves et al., 2015), suggesting that S. fuscus pregnancy may be energetically
expensive for males even in the absence of direct energetic contributions to developing offspring.
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Methodological challenges
Parental investment strategies may vary between individuals because of the perceived
value of a breeding event, or because of body condition (Nygård et al., 2019). While our
experimental approach allowed us to directly quantify embryo dry weight in field-collected
specimens, using broods of different wild-caught males at various stages of embryonic
development limited our ability to detect individual variation in male investment. Furthermore,
male investment was calculated by subtracting average female investment from the dry weight of
embryos, as we were unable to determine individual female investment per brood. While we
could not control for differences in female investment across broods, S. fuscus shows a positive
relationship between female size and egg size (Sidonie Horn and Ken Mey, personal
communication), suggesting that the largest early-stage embryos in our sample likely came from
larger females. We are unable to determine, however, whether size differences between middleand late-stage embryos are due to initial egg size differences or to differences in male
investment. To control for these confounding factors, an ideal experiment would mate males and
females in a laboratory setting, obtaining dry weight estimates of both female egg size and newly
released offspring from each mated pair (e.g. Sidonie Horn and Ken Mey, unpublished data).
Comparisons of within-pair egg and juvenile dry weights could clarify the extent to which
investment differs between individuals.

Do males gain nutritional benefit from pregnancy?
A clear understanding of RPI requires the comparison between males and females, and it
is not clear whether the variety of functions attributed to the male brood pouch outweigh female
investment in eggs. In the seahorse Hippocampus fuscus, a species with female choice and male
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competition and a highly developed and complex brood pouch, males can remate more quickly
than females, suggesting that egg production is energetically more expensive than male
pregnancy in this species (Vincent, 1994a). Interestingly, seahorse juveniles are smaller than
expected based on egg size in comparison to other syngnathid species (Monteiro et al., 2005),
suggesting that male pregnancy may not be as costly as would be expected from the complex
seahorse brood pouch. Furthermore, research has shown that males can obtain nutrients from
embryos: In S. typhle, 14C-labelled animo acids from embryos were detected in male tissues,
demonstrating that males can absorb embryonic nutrients through the brood pouch (Sagebakken
et al., 2009). Ripley and Foran (2006a) detected yolk in brood pouch fluid in S. fuscus, which
may also serve as a source of energy for the male. These findings suggest that males may derive
nutritional benefit from embryos, helping to offset any costs associated with pregnancy. Future
work aimed at incorporating a wider array of pre- and post-fertilization behaviors would help to
fully quantify parental investment in male-pregnant species.

PRR: a proxy for parental investment?
Parker and Simmons (1996) argued that RPI can be indirectly quantified by measuring
the potential reproductive rate (PRR) of the two sexes. By comparing the relative rate of
reproduction between males and females, PRR can reveal RPI patterns, since the level of
parental investment by each sex will influence the refractory period between matings (Kvarnemo
and Ahnesjo, 1996; Parker and Simmons, 1996). PRR studies in syngnathids have suggested that
reproductive rates are indeed an accurate reflection of RPI in a number of species (Vincent,
1994a; Masonjones and Lewis, 2000; Scobell et al., 2009), suggesting that this technique may
provide an alternative approach to quantifying parental investment. PRR behavioral trials in S.

101

fuscus (e.g. Scobell et al., 2009) could help broaden our understanding of parental investment in
this species.

2. Is sexual selection acting on males?
Second, it is possible that sexually dimorphic banding in female S. fuscus is not indicative
of male mate choice in this species. Sex differences can result from ecological and demographic
factors (Janicke et al., 2016), such as dimorphic niches or competition between the sexes for a
limited resource (competitive displacement) (Slatkin, 1984; Shine, 1989). Ornamentation may
also stem from consumption of highly pigmented food, such as carotenoids (Kraaijeveld et al.,
2007). Ornaments can evolve in both sexes through mutual mate choice (Hooper and Miller,
2008), and it is possible that strong intrasexual selection is acting on both sexes in S. fuscus.

3. Additional factors influencing sexual selection
Finally, ornamentation may indeed be indicative of sexual selection acting on females,
but the direction of sexual selection may result from factors other than parental investment. In
general, sexual selection theory predicts that RPI differentially limits the rate at which males and
females can reproduce, skewing the operational sex ratio (OSR). The biased OSR can generate
variance in breeding success, leading to competition and mate choice (Clutton-Brock, 2009).
Despite this general model, OSR is dependent not only on RPI, but also on mating patterns
(Kvarnemo and Ahnesjö, 2002). When mate monopolization is possible, a few individuals may
breed successfully by controlling a swath of resources or mates, leaving many others without the
opportunity to mate (Emlen and Oring, 1977). In the sand goby Pomatoschistus minutus, for
example, the potential to monopolize mates, and thus the OSR, depends on ecological factors
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such as nesting site availability (Lindström and Seppä, 1996). In sockeye salmon and arctic char,
breeding territory is a limiting resource, constraining the number of successfully breeding males,
driving the mating system towards polygyny and skewing the OSR (De Gaudemar, 1998). The
worm pipefish Nerophis lumbriciformis exhibits a female lek, in which highly ornamented
females have greater reproductive success than their more drab counterparts (Monteiro et al.,
2017). If S. fuscus females have the potential for mate monopolization, the resulting variance in
female mating success could generate stronger sexual selection on this sex even in the absence of
differences in relative parental investment.
Intraspecific constraints on reproduction may also influence the direction of sexual
selection. In the pipefish Nerophis ophidion, females have a higher RPI but males are choosy
(Berglund et al., 1986). Males are physiologically constrained to one mate per pregnancy in N.
ophidion (due to the nature of egg deposition), and would likely be under strong selection to
exert mate choice, resulting in intense sexual selection on females (Berglund and Rosenqvist,
2003; Clutton-Brock, 2009). Furthermore, N. ophidion females can produce enough eggs in a
single reproductive bout to fill the pouch of almost two males, and thus male brood size limits
female reproduction in this group (Berglund et al., 1989). If S. fuscus males are constrained to
one mate per pregnancy (see Chapter 5), female ornamentation may be a result of male mate
choice in this species as well.

Seasonal changes in reproductive output
Our results demonstrate that embryo dry weight decreases not only across pregnancy, but
also across the season (Table 4.2A, Figure 4.3). Embryos fertilized earlier in the season are
heavier than those fertilized later in the season, which may suggest reduced investment of
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females across the season. In female collared flycatchers, for instance, reproductive effort is
adjusted across the season in response to male phenotype (Qvarnström et al., 2000).
Alternatively, smaller females producing smaller eggs may be breeding in greater numbers at the
end of the season. S. fuscus females show a positive relationship between body size and egg size
(Sidonie Horn and Ken Mey, personal communication) and seasonal data indicate that female
size decreases over the season (see Chapter 5), suggesting that smaller eggs in late season broods
may be derived from smaller females. In Syngnathus abaster, larger females tend to reproduce at
the start of the season while smaller females reproduce towards the end of the season, likely due
to reproductive exhaustion of older, larger females who are have reproduced earlier in the season
(Cunha et al., 2015).
Embryo dry weight was found to be independent of male size, a result that has been
found in syngnathids with intermediate- to high-complexity pouches (Monteiro et al., 2005).
Male size, however, was a significant predictor of brood size. Larger males carry larger broods,
consistent with previous findings in S. typhle (Rispoli and Wilson, 2009). Interestingly, broods
were smaller at later stages of pregnancy. While this trend was only marginally significant
(P=0.041), it may indicate brood reduction during pregnancy resulting from competition among
embryos (Ahnesjö, 1996) or filial cannibalism (Sagebakken et al., 2009).

S. fuscus in the context of other syngnathids
In comparison to other pipefish species, S. fuscus eggs and newborns are very small, and
there is no clear pattern inferred between pouch complexity, investment, and sexual dimorphism
in syngnathid fishes (Table 4.4). There is evidence for male choice and female competition in
four pipefish species for which there are embryo dry weight data, but only one of these species,
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S. typhle, is patrotrophic, and female investment in this species also far exceeds that of males
(Table 4.4). S. typhle also produce much larger eggs (>0.9 mg), five to ten times larger than those
of the other three species. Whether high initial investment of females in eggs has led to greater
investment by males during pregnancy in S. typhle is unclear, but the high interspecific diversity
in reproductive parameters in Syngnathus pipefish points to a promising avenue of research in
elucidating the underlying factors driving male and female parental investment.

CONCLUSION
Our findings indicate that despite evidence of female ornamentation, S. fuscus females
have a higher level of parental investment than do males. Comparison to other pipefish species
suggests that S. fuscus employs a “quantity over quality” approach, producing many small
offspring, highlighting considerable variability in reproductive strategies across male pregnant
species. While our data suggest that S. fuscus is lecithotrophic, our experimental design was
likely not sensitive enough to detect subtle levels of male investment. Male investment is not
limited to direct nutrient transfer in S. fuscus, and we highlight a variety of factors that could
influence inferences of relative parental investment in this species.
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TABLES AND FIGURES
Table 4.1. Summary of male brood characteristics.
Summary of mean embryo dry weight (mg) per brood, male total length (TL, cm), and brood size
of males collected in from 2014 to 2015. Note: No pregnant males were collected in SB8
(9/28/14) and SB9 (4/29/15)
SB Collection Preg.
TL
Brood
Early-stage
Mid-stage
Late-stage
pop.
date
males
± SD
± SD
broods
broods
broods
(N)
N
Mean
N
Mean
N
Mean
± SD
± SD
± SD
1
6/12/14
13
15.2
389
6
0.07
6
0.09
1
0.12
(1.7)
(159)
(0.04)
(0.05)
2
6/26/14
10
15.8
369
0
6
0.10
4
0.08
(1.6)
(152)
(0.02)
(0.02)
3
7/10/14
9
17.6
596
2
0.08
3
0.10
4
0.06
(0.8)
(157)
(0.00)
(0.03)
(0.02)
4
7/24/14
9
17.9
664
4
0.08
0
5
0.07
(2.2)
(329)
(0.03)
(0.02)
5
8/11/14
11
16.9
368
2
0.04
2
0.10
7
0.06
(2.3)
(213)
(0.02)
(0.06)
(0.03)
6
8/27/14
6
17.7
486
3
0.09
3
0.06
0
(2.2)
(257)
(0.02)
(0.03)
7
9/9/14
4
14.5
307
1
0.08
2
0.08
1
0.03
(0.9)
(60)
(0.04)
10
5/14/15
14
13.4
190
14
0.11
0
0
(1.7)
(62)
(0.02)
11
5/28/15
15
13.2
147
3
0.1
11
0.08
1
0.01
(1.7)
(55)
(0.01)
(0.04)
12
6/16/15
13
14.6
202
0
2
0.11
11
0.08
(1.5)
(118)
(0.00)
(0.02)
Totals
104
35
35
34
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Table 4.2. Linear regression model predicting embryo dry weight.
Brood size and total length variables were log-transformed. Stage, fertilization day, brood size,
and TL variables were centered on the mean. (A) Best-fit model based on both adjusted Rsquared (Adj. R2) and AIC scores. (B) Full model. The intercept represents average embryo dry
weight in SB1 in the month of May in 2014 at mean brood size, stage, male TL, and fertilization
day. Degrees of freedom (DF) indicated for both models.
A.
Embryo dry weight (mg)
Adj. R2=0.13, AIC=-419.80, LL= 213.90, DF=101
Predictor
Estimate
S.E.
T value
P value
Intercept

0.083

0.003

27.049

< 0.001

Stage

-0.003

0.001

-2.484

0.015

Fert. Day

-2.78E-04

9.54E-05

-2.915

0.004

B.
Embryo dry weight (mg)
adj. R2=0.09, AIC=-409.95, LL= 213.97, DF=96
Predictor
Estimate
S.E.
T value
P value
Intercept

0.045

0.220

0.205

0.838

SB pop.

-0.001

0.022

-0.039

0.969

Month

0.005

0.013

0.344

0.731

Stage

-0.004

0.003

-1.136

0.259

Brood size

0.000

0.007

-0.042

0.966

Male TL

-0.001

0.030

-0.03

0.976

Fert. Day
Year

0.000
0.010

0.001
0.242

-0.239
0.043

0.811
0.966
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Table 4.3. Linear regression model predicting brood size.
Brood size and total length variables were log-transformed. Stage, fertilization day, embryo dry
weight (mg), and TL variables were centered on the mean. (A) Best-fit model based on both
adjusted R-squared (Adj. R2) and AIC scores. (B) Full model. The intercept represents the
average brood size in SB1 in the month of May in 2014 at mean stage, male TL, embryo dry
weight, and fertilization day. Degrees of freedom (DF) indicated for both models.
A.
Brood size
adj. R2=0.56, AIC= 132.71, LL=-61.35, DF=100
Predictor
Estimate
S.E.
T value
P value
Intercept

6.405

0.161

39.837

< 0.001

Stage

-0.042

0.020

-2.068

0.041

TL

2.000

0.358

5.591

< 0.001

Year

-0.559

0.110

-5.073

< 0.001

B.
Brood size
adj. R2=0.55, AIC= 139.71, LL= -60.86, DF=96
Predictor
Estimate
S.E.
T value
P value
Intercept

6.142

3.096

1.984

0.050

SB pop.

0.032

0.316

0.1

0.921

Month

0.096

0.187

0.514

0.609

Stage

-0.052

0.045

-1.166

0.246

TL

2.041

0.369

5.53

< 0.001

Embryo weight

-0.061

1.434

-0.042

0.966

Fert. Day

-0.007

0.021

-0.319

0.750

Year

-0.951

3.403

-0.279

0.781

108

Table 4.4. Comparison of parental investment across pipefish species.
Dry weight (mg) of eggs/early-stage embryos and late-stage embryos/newly-released juveniles
and patrotrophy index (PI) across various pipefish species. Pouch complexity (Pouch comp.)
based on Monteiro et al. (2005). Intermediate and low pouch complexity refer to inverted pouch
and exposed eggs, respectively.
Species

S. fuscus

Pouch
comp.

Intermediate

Early
stage
embryo
/egg
0.091

Late
stage
embryo/
newborn
0.066

Male
brood
size

450

S.
schlegeli

Intermediate

0.17

0.12

700

S. typhle

Intermediate

0.94

0.93
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Nerophis
ophidion

Low

0.19

0.15

96

Male
body
size
(cm)
15.5

17.3

PI

Sex roles

Source

0.73

♀ competetion, ♂ choice?
(♀ ornamentation)

Current dataset;
Ripley and Foran
2006a

0.71

♀ competetion, ♂ choice

0.99

♀ competetion, ♂ choice

0.77

♀ competetion, ♂ choice

15.5

19.7

Watanabe et al.,
2000; Watanabe
and Watanabe,
2002; Sogabe et
al., 2012
Berglund et al.,
1986; 1989; Jones
et al., 2005
Berglund et al.,
1986; 1989
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Table 4.5. Summary of male pipefish used in RPI analysis.
Raw data for S. fuscus males used in this analysis, including temporal population (SB. pop),
identification label (ID), estimated fertilization date of brood, male total length (TL), brood size,
developmental stage of embryos, and average weight per embryo.
SB pop.

ID

Fertilization
date

TL (cm)

Brood size

Stage

1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3

1_09
1_08
1_11
1_06
1_10
1_20
1_12
1_15
1_07
1_13
1_14
1_17
1_19
2_07
2_12
2_20
2_19
2_01
2_04
2_05
2_08
2_14
2_09
3_06
3_12
3_20
3_13
3_18
3_14
3_16
3_02
3_07

6/2/14
6/4/14
6/4/14
6/6/14
6/6/14
6/6/14
6/8/14
6/10/14
6/10/14
6/10/14
6/10/14
6/10/14
6/10/14
6/12/14
6/12/14
6/12/14
6/14/14
6/18/14
6/18/14
6/18/14
6/20/14
6/20/14
6/22/14
6/26/14
6/26/14
6/26/14
6/28/14
7/2/14
7/2/14
7/4/14
7/8/14
7/8/14

13.5
13.8
15.3
16.4
13.8
17.1
13.8
17.6
15.5
18.2
12.4
14.9
15.3
17.4
16.6
15.9
16
15.7
14.4
15.8
14.3
13.1
18.7
18.5
18.6
17.9
16.7
16.7
17.6
18.5
16.5
17.4

257
106
278
404
254
468
243
498
457
674
358
458
601
294
116
403
270
407
295
380
436
382
710
971
441
453
578
507
596
630
566
622

5
4
4
3
3
3
2
1
1
1
1
1
1
7
7
7
6
4
4
4
3
3
2
7
7
7
6
4
4
3
1
1

Embryo
weight
(mg)
0.117
0.080
0.091
0.008
0.137
0.066
0.140
0.090
0.022
0.135
0.061
0.096
0.027
0.057
0.089
0.090
0.097
0.101
0.103
0.134
0.078
0.078
0.133
0.054
0.042
0.058
0.089
0.130
0.072
0.084
0.078
0.079
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4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6
7
7
7
7
10
10
10
10
10
10
10
10
10

4_12
4_11
4_14
4_16
4_09
4_05
4_01
4_04
4_15
5_07
5_10
5_11
5_01
5_03
5_04
5_05
5_02
5_14
5_13
5_09
6_04
6_05
6_03
6_109
6_01
6_02
7_04
7_01
7_02
7_03
10_03
10_04
10_05
10_07
10_08
10_09
10_01
10_02
10_10

7/10/14
7/12/14
7/12/14
7/12/14
7/14/14
7/22/14
7/22/14
7/22/14
7/22/14
7/28/14
7/28/14
7/28/14
7/30/14
7/30/14
7/30/14
7/30/14
8/3/14
8/7/14
8/9/14
8/9/14
8/19/14
8/21/14
8/23/14
8/25/14
8/25/14
8/25/14
8/28/14
9/1/14
9/1/14
9/7/14
5/12/15
5/12/15
5/12/15
5/12/15
5/12/15
5/12/15
5/12/15
5/12/15
5/12/15

18.7
19.1
18.7
18.7
16.8
12.9
20.1
19.4
17.1
13.3
17.8
18.7
19.5
13.6
15.3
18.4
19.2
14.5
18.8
16.5
20
19.3
18
14.5
15.4
18.8
15.4
14.9
13.2
14.3
12.9
11
14
12.6
13.7
15.6
12.7
11.5
15

689
541
958
719
333
135
1203
894
502
308
237
351
534
168
399
400
480
227
75
864
732
863
281
259
301
477
326
371
228
304
166
183
127
213
213
231
209
221
106

7
6
6
6
5
1
1
1
1
7
7
7
6
6
6
6
4
2
1
1
4
3
2
1
1
1
6
4
4
1
1
1
1
1
1
1
1
1
1

0.058
0.072
0.093
0.058
0.049
0.087
0.042
0.122
0.064
0.063
0.039
0.015
0.109
0.067
0.038
0.096
0.053
0.142
0.059
0.027
0.040
0.096
0.050
0.076
0.081
0.106
0.029
0.043
0.107
0.077
0.106
0.085
0.130
0.092
0.103
0.154
0.122
0.126
0.053
111

10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12

10_11
10_12
10_13
10_15
10_06
10_14
11_18
11_27
11_16
11_17
11_19
11_20
11_21
11_22
11_24
11_25
11_26
11_14
11_15
11_23
11_29
12_33
12_37
12_41
12_43
12_67
12_31
12_39
12_42
12_30
12_34
12_38
12_36
12_35

5/12/15
5/12/15
5/12/15
5/12/15
5/12/15
5/12/15
5/16/15
5/22/15
5/22/15
5/24/15
5/24/15
5/24/15
5/24/15
5/24/15
5/24/15
5/24/15
5/24/15
5/26/15
5/26/15
5/26/15
6/10/15
6/2/15
6/2/15
6/2/15
6/2/15
6/2/15
6/4/15
6/4/15
6/4/15
6/6/15
6/6/15
6/6/15
6/10/15
6/12/15

16.3
15.7
14.4
12.1
12.1
12.7
16
12.8
16.5
11.8
12
12.9
12.6
12.6
14
11.7
12
13.6
15.6
11
12.5
14.3
14.3
14.9
15.4
13.9
16.7
16.1
13.9
12.4
13.9
12
16.7
15.5

329
209
117
69
186
203
142
126
261
221
85
141
79
183
148
189
76
187
81
127
156
204
130
200
198
67
103
178
153
181
161
182
541
325

1
1
1
1
1
1
6
3
3
2
2
2
2
2
2
2
2
1
1
1
3
7
7
7
7
7
6
6
6
5
5
5
3
2

0.123
0.119
0.198
0.119
0.113
0.129
0.010
0.066
0.136
0.072
0.016
0.085
0.120
0.101
0.062
0.054
0.147
0.100
0.089
0.105
0.068
0.043
0.118
0.115
0.082
0.073
0.081
0.082
0.107
0.082
0.048
0.082
0.111
0.105
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Figure 4.1. Coefficient of variation estimated for embryo brood dry weight.
Coefficient of variation (i.e. [standard deviation/mean]*100) of intrabrood variation in dry
weight, estimated for 27 broods (see Methods).
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Figure 4.2. Mean embryo dry weight of male broods across stages of pregnancy.
(A) Pregnancy stages divided into early (stage 1), middle (stages 2-4), and late (stages 5-7). (B)
Pregnancy stages divided into 7 developmental stages (see Methods); each data point represents
the average embryo dry weight from a single brood.
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Figure 4.3. Embryo dry weight declines over the breeding season.
Data grouped according to pregnancy stage (Early: stage 1, Mid: stages 2-4, Late: stages 5-7);
each data point represents the average embryo dry weight from a single brood. Fertilization day
ranges from May 8th (Day 0) to September 3rd (Day 128).
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CHAPTER 5
TEMPORAL STABILITY IN THE MATING SYSTEM OF A MONOGAMOUS
PIPEFISH, SYNGNATHUS FUSCUS
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ABSTRACT
Mating behavior in the male-pregnant family Syngnathidae has been the focus of many
studies, but it has rarely been explored in a temporal context. Here, we show that Syngnathus
fuscus males, despite having some of the largest brood sizes of any pipefish species, consistently
mate monogamously across the season. Using molecular markers, we reconstruct the number of
mothers contributing to the broods of field-caught males and find that multiple mating among
males is rare and occurs only towards the end of the breeding season. We suggest that sex ratio
dynamics may influence male monogamy in this species. We also propose that sexual size
dimorphism may be responsible for the mating patterns in S. fuscus, as females are often larger
than males and can fill an entire brood pouch of a male throughout most of the season.
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INTRODUCTION
Across the animal kingdom, there are countless examples of colorfully ornamented and
competitive males, and choosy, drab females (Arnold, 1983). This pattern is largely attributed to
sexual selection, defined by Darwin as selection arising through intrasexual competition for
mates and intersexual mate choice (Darwin, 1871). Bateman’s classic experiment in 1948
explained sexual dimorphism through the sexual selection gradient (i.e. the Bateman gradient):
he showed that while male Drosophila flies could increase their reproductive success by securing
additional mates, female reproductive success was limited by their own fecundity (Bateman,
1948, but see Tang-Martínez, 2012). This difference, quantified as the slope of the Bateman
gradient between the sexes, has been attributed to anisogamy: males produce inexpensive, small
sperm, while females contribute large, costly eggs and sometimes considerable offspring care as
well (Bateman, 1948; Trivers, 1972). The parent that invests more in reproduction is expected to
require more time to replenish gametes prior to remating, whereas the parent that invests less is
available to remate sooner and has a higher potential reproductive rate (PRR, i.e. the rate of
reproduction when unconstrained by mate availability; Figure 5.1; Simmons, 1992).
An imbalance in reproductive rates can skew the operational sex ratio (OSR; the number
of males and females available to mate; Kvarnemo and Ahnesjo, 1996), which can influence the
direction of sexual selection (Clutton-Brock and Vincent, 1991). The OSR is also influenced by
biases in adult sex ratio (ASR) due to environmental and physiological factors, e.g. differential
predation rates and life spans (Figure 5.1; Clutton-Brock and Parker, 1992). In addition to
influencing the direction of sexual selection, OSR also influences the mating system. A skewed
OSR will dictate the potential for multiple mating in a population (Emlen and Oring, 1977).
When mating success varies across individuals, traits that enhance mate acquisition will undergo
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sexual selection (Figure 5.1; see Chapter 1 for a definition of mating systems). Indeed, species
with a high degree of polygyny often exhibit striking secondary sexual characteristics, whereas
monogamous species tend to show little sexual dimorphism (e.g. Weckerly, 1998). Sexual
selection may influence mating systems as well (e.g. favoring individuals that spend more time
competing for mates versus caring for offspring), shifting the operational sex ratio and the
number of individuals available to mate at a given time (Figure 5.1; Andersson, 1994). Given
that variance in mating success determines the potential for sexual selection (Figure 5.1), mating
patterns are often studied to test predictions of sexual selection theory and to understand the
direction and intensity of sexual selection (Hübner et al., 2013).
Members of the fish family Syngnathidae (pipefish, seahorses, and seadragons) are an
exceptional model with which to test theories of sexual selection. Males are the exclusive
providers of post-zygotic care in this group, brooding embryos until their release as freeswimming juveniles. Male investment ranges from the simple ventral gluing of eggs to the
male’s body in seadragons and certain pipefish species, to fully enclosed placenta-like brooding
organs in seahorses and other species, representing a continuum of brooding complexity (Wilson
et al., 2003). The complex brooding structures apparent in syngnathids raise the question of
whether differences in brood pouch complexity might influence the direction of sexual selection
in this group (Wilson et al., 2003). Interestingly, while sexual selection theory predicts that
species in which male parental investment exceeds that of females should exhibit choosy males
and competitive females (Jones et al., 2001), many seahorse species exhibit female choice,
despite displaying the highest degree of brood pouch specialization (Vincent, 1994b, but see
Wilson and Martin-Smith, 2007). Conversely, Nerophis pipefish with simple egg-gluing exhibit
male choice (Berglund et al. 1986). These studies suggest that highly complex forms of male
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pregnancy may not necessarily indicate that male investment exceeds female investment in a
given species (see Chapter 4). Additionally, interspecific comparisons across Syngnathidae have
shown that mating patterns are strongly correlated with mate competition and choice, suggesting
that the potential for multiple mating may influence the direction of sexual selection in this group
(Wilson et al., 2003). In polygynous systems, variance in mating success is expected to be higher
for males, leading to strong sexual selection in this sex, coupled with female choice. In
polyandrous species, the reverse is expected: variance in female mating success is increased,
leading to female competition and male choice (Jones et al., 2001; Figure 5.1).
Mating systems can vary based on a number of factors including ecological resources
(Andersson and Iwasa, 1996), and the spatial and temporal distribution of mates (Emlen and
Oring, 1977). If females are widely distributed across a habitat but males are limited to breeding
grounds, OSR will be effectively male-skewed. Similarly, the temporal distribution of mates can
impact the number of individuals available to mate, and reproductive asynchrony can be highly
influential in determining OSR (Emlen and Oring, 1977). Mate availability can fluctuate even
within a season, with sex roles and OSR shifting based on the relative numbers of males and
females in the mating pool (Forsgren et al., 2004). Potential reproductive rates can also vary,
with temperature differentially influencing the rate at which the sexes can mate (Ahnesjo, 1995).
Mating behavior can also be influenced by density: polygamous species tend to live at
high densities where the opportunity to remate is high, whereas monogamous species are
typically found at lower densities with reduced mobility (Whiteman and Côté, 2004). In S.
typhle, sexual size dimorphism varies across populations and is linked to genetic mating behavior
(Rispoli and Wilson, 2008), suggesting that the relationship between male and female body size
may be an important predictor of multiple mating as well.
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In our study, we investigate the genetic mating behavior of the northern pipefish
(Syngnathus fuscus). S. fuscus inhabits eelgrass beds along the Western Atlantic coast (Lazzari
and Able, 1990). While S. fuscus females are larger than males and are ornamented, suggesting
that females may be under sexual selection, recent work has shown this species has a very low
rate of multiple mating (Paczolt et al., 2016). These findings appear to conflict with patterns
exhibited in many congeners, in which female competition is associated to polygamous mating
behavior (Jones and Avise, 2001; Wilson et al., 2003). Here, we investigate the mating system of
S. fuscus across a full reproductive season, testing whether the frequency of multiple mating
varies predictably with demographic and environmental variables.

METHODS
Field collections
Adult S. fuscus individuals were sampled every 14-20 days at Shinnecock Bay (“SB”),
New York, USA (40°51'22.37"N, 72°30'3.063"W; New York State collection license #1132),
between June and September 2014 and again from April to June 2015 for a total of twelve
temporal populations (SB1 to SB12; Table 5.1). Temperature and salinity were recorded during
each visit. Sampling was paused at the end of September 2014 when no reproductively active
individuals were found, indicating the conclusion of the breeding season (Table 5.1). Fieldwork
resumed the following April to ensure that the onset of the breeding season would be represented
in collections, and continued until mid-June when our collections covered a representative
sample of a full breeding season of S. fuscus.
A 6 x 2 m seine net with a 2 mm mesh was used for sampling, covering a ca. 100 m
transect parallel to the shore. Seining was conducted in 3 to 4 hauls at each sampling visit.
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Sampling and experimental protocols were carried out in accordance and approval of the
Brooklyn College Institutional Animal Care and Use Committee (IACUC; Permit # 276). All
pipefish from seine hauls were counted, identified according to demographic
(male/female/juvenile) and reproductive status (males only: pregnant/non-pregnant) and
measured (total length and standard length for adults; TL only for juveniles). Adult males were
identified based on the presence of a brood pouch. Females greater than 15 cm TL were
considered mature (see “Female Reproductive Maturity”). For females that exhibited trunk
distension, thickness was obtained by measuring the trunk at the widest point. Prior to finclipping, adults were anesthetized in an 0.1 mg/ml solution of tricaine methanesulfonate (MS222) and seawater for 1 minute. In order to analyze embryonic DNA for parentage analysis,
twenty-seven pregnant males were euthanized in an overdose solution of MS-222 (0.25 mg/ml)
for a minimum of five minutes until they showed no signs of gilling or movement. Fin clips and
whole-animal specimens were stored in 75% ethanol for further laboratory analysis. Fin-clipped
individuals and those not required for further analysis were released at the sampling site.

Female Reproductive Maturity
Reproductive maturity in pipefish females cannot be determined solely based on external
assessment of body condition. While trunk thickness is a reliable indicator of female maturity in
pipefish (Ripley and Foran, 2006b; Cunha et al., 2017), a slender trunk may signal a spent
female who has recently mated, or a juvenile who is not yet reproductively mature. Confirmation
of maturity in field-caught specimens thus requires the direct examination of ovaries, a process
that requires dissection of the female (Ripley and Foran, 2006b), and was not possible in the
field. In a Virginian population of S. fuscus with body sizes closely resembling those of SB,
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females were found to reach sexual maturity as early as 12.5 cm SL (Ripley and Foran, 2006b).
Our collections, in contrast, never yielded visibly ripe females (i.e. trunk thickness > 0.4 cm)
below 15 cm TL, and we consider all females <15 cm TL to be immature. Future work will be
aimed at developing more precise estimates of reproductive maturity in S. fuscus females from
the SB population by directly assessing ovary ripeness in field-collected females.

Genetic analysis of adults
To determine genetic diversity and mating patterns, molecular analyses were performed
on specimens collected during the 2014 breeding season (temporal populations SB1-SB7; June to
September 2014). Genomic DNA was extracted from adult male and female fin clips using
Qiagen’s DNeasy Blood & Tissue Kit, following the manufacturer’s protocol. DNA
concentration was assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific), and
diluted to 10 ng/µl. Polymerase chain reactions (PCRs) were performed at 8 microsatellite loci:
Sabas3, Sabas4, and Sabas7 (Diekmann et al., 2009); Slep9, Slep10, and Slep6.2 (Wilson, 2006),
Slep11 (Wilson and Eigenmann Veraguth, 2010), and Styph12 (Jones et al., 1999). The PCR
reaction setup from Wilson and Eigenmann Veraguth (2010) was used for Sabas3, Sabas4, and
Sabas7, and the amplification program for these loci followed Diekmann et al. (2009). PCRs
were performed in a 10 µL reaction volume with at least 20 ng DNA. PCR runs were performed
using a DNA Engine Tetrad 2 Thermal Cycler (Bio-Rad). PCR products were diluted 1:4 in
ddH2O, and 2 µl of each dilution was transferred to a 96-well plate containing 9.7 µl HiDi
Formamide (Life Technologies) and 0.3 µl GeneScan 500 LIZ dye size standard (Life
Technologies). PCR products from separate reactions were pooled together when possible for
fragment analysis, and in such cases, ddH2O volume was adjusted to maintain a 1:4 dilution for
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all PCR products. Samples were run on an ABI 3730xl DNA Analyzer (Applied Biosystems) for
fragment analysis at the Biotechnology Resource Center at Cornell University (Ithaca, NY,
USA). Alleles were scored using Genemapper v4.0 (Applied Biosystems) and manually verified
by eye.
The mean number of alleles (Nall) and allelic richness (Ar; i.e. the expected number of
alleles per locus) were estimated using FSTAT v2.9.4 (Goudet, 1995). Allelic richness was
estimated based on the rarefaction method following El Mousadik and Petit (1996), which
standardizes the average estimated number of alleles per locus to the smallest sample of
individuals (N=6 in our study; El Mousadik and Petit, 1996). GENETIX v4.05 (Belkhir et al.,
2004) was used to estimate the expected and observed heterozygosity (He and Ho, respectively)
for each population (across all loci) and for each locus, as well as the mean number of alleles per
population and global and pairwise FST among collections. GENEPOP on the web, version 4.2
(Rousset, 2008) was used to estimate allelic frequencies and the inbreeding coefficient (FIS).
Genic differentiation (10000 dememorization steps, 500 batches and 5000 iterations per batch)
was estimated in GENEPOP to assess allele frequency differentiation across populations and
between sample pairs (Raymond and Rousset, 1995). Global and pairwise DEST estimates (Jost,
2008) were calculated in R (R Core Team, 2018) using the DEMEtics package, version 0.8-7
(Gerlach et al., 2010) with 1000 bootstrap replicates. Whereas FST estimates are based on
population heterozygosities, the DEST statistic estimates diversity based on the effective number
of alleles within and among populations (Jost, 2008), and has been recommended for analysis of
high variable markers such as microsatellites (Pennings et al., 2011).

Parentage analysis
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Embryos from the brood pouches of pregnant males were counted and assigned a
developmental stage following Sommer et al. (2012). For a subset of 27 broods belonging to
temporal groups SB2, 4, 5, 6, and 7, thirty-two evenly spaced embryos were extracted from male
brood pouches (following Paczolt et al., 2016; Figure 5.2A). We preferentially selected males
containing middle- and late-stage embryos, as isolation of offspring DNA is difficult in early
stage embryos (Rispoli and Wilson, 2008). DNA was extracted from embryos following Gloor
and Engels (1992). Due to wide variation in DNA quality and concentration (based on
spectrophotometer analysis), embryo DNA was not diluted. PCR amplification for embryos was
performed at a subset of four microsatellite loci: Sabas3, Sabas4, Sabas7, and Slep6, following
the protocol described above for the genetic analysis of adults.
To reconstruct parentage, the minimum number of mothers contributing to each brood
was determined using the software GERUD 2.0 (Jones, 2005). Given multilocus allele profiles of
genotyped embryos, the software reconstructs paternal and all possible maternal allelic
combinations within a brood. The program then calculates the maternal genotype(s) consistent
with the fewest possible mothers and if more than one solution is presented, solutions are ranked
based on Mendelian segregation patterns. Parentage was assessed in GERUD for broods
collected at the start (SB2), middle (SB4) and end (SB5-7) of the breeding season (N=9 each, 27
broods in total; Table 5.2).

RESULTS
Demographic and reproductive characteristics
The total number of pipefish, mean (± standard deviation) TL, in addition to local water
temperature and salinity, are reported in Table 5.1. Temperature ranged from 11.1 to 25.0 °C
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(mean 19.8 °C), peaking in late August. Salinity ranged from 24 to 33‰, with the highest values
occurring in April and early May. Regular sampling highlighted substantial demographic
changes across the breeding season (Table 5.1). Total length ranged from 10.5 to 20.4 cm for
pregnant males, 9.5 to 15.8 cm for non-brooding males, 15.0 to 24.0 cm for females, and 0.4 to
14.9 cm for juveniles. Our data suggest that the breeding season begins in mid-May (SB10),
when the first pregnant males of the year were collected (Table 5.1). All SB10 pregnant males
carried early-stage embryos (data not shown), indicating that the earliest breeding episodes were
likely within days of their collection. Collection SB8 (09/28/2014) did not yield any pregnant
males, suggesting that the reproductive season ends in mid-September.
The breeding season appears to peak in July (SB3-4) when female and male total length
is greatest (mean: 19.80±0.65 cm for females in SB3; 17.75±0.44 cm for males in SB4), and
after which body size, female trunk thickness, and the number of pregnant males steadily decline
(Table 5.1, Figure 5.3). Mean juvenile size was largest in SB6, whereas the largest sample of
juveniles was collected in SB5 (Table 5.1, Figure 5.3). There was a positive relationship between
female body size and trunk thickness (Pearson’s r=0.50, P<0.001), and mean female trunk
thickness, like female body size, peaked in July in collection SB3 (Table 5.1, Figure 5.3). Sexual
size dimorphism (female:male) ranged from 0.89 to 4.11 cm, with a mean of 2.50 cm. Size
dimorphism peaked at the start of the season in SB11 and decreased from SB1 to SB6 (Table 5.1;
Figure 5.3).

Genetic structure
A total of 94 adult S. fuscus individuals were genotyped at 8 variable loci, yielding
between 6 and 47 alleles per locus (Table 5.3). Global FST was low and not significantly different
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from panmixia (0.008, 95% CI=-0.0002, 0.020), however genic differentiation tests indicated
significant structure (P value on exact test=0.004). Global DEST also indicated significant
temporal structure (DEST = 0.082, P=0.019). Estimates of genic differentiation indicated a
significant departure from Hardy Weinberg equilibrium at a single locus, Slep10 (P<0.001; Table
5.3). The FST estimate at this locus was also particularly high (FST=0.036), compared to other loci
(FST <0.007; Table 5.3). DEST estimates similarly did not show significant differentiation at any
locus other than Slep10 (Table 5.3). Slep10 was thus identified as an outlier and was
subsequently removed from further analyses (Narum and Hess, 2011). Population-level diversity
estimates based on the remaining 7 loci are presented in Table 5.4, and pairwise estimates of FST
and DEST are presented in Table 5.5. No significant temporal structure was detected following the
removal of Slep10 locus from the dataset (P>0.05 for all tests).

Mating patterns
Male brood size ranged from 185 to 958 eggs, with a mean of 484 (Table 5.2), and there
was a positive relationship between male TL and clutch size (Pearson’s r= 0.69, P<0.001; Figure
5.4). Analyzed broods were divided into early-, middle-, and late-season groups based on
collection date (early: SB2, 06/26/2014; middle: SB4, 07/24/2014; late: SB5-7, 08/11/201409/09/2014). A total of 864 embryos were genotyped from the broods of 27 males. Molecular
parentage analysis revealed that multiple mating in S. fuscus is rare throughout the year. Out of
27 broods, only three showed evidence of polygyny (Table 5.2). One mid-season male (SB4) and
two late-season males (SB5 and SB6) carried embryos from two females, and there was no
instance in which more than two females contributed to a male’s brood. No evidence of multiple
mating was found in the early-season group (N=9 males).
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The order of female mating can be inferred based on the distribution of eggs within the
pouch (Hübner et al., 2013). When a Syngnathus male accepts eggs from a female, he contracts
his body to push the eggs down towards the posterior of the pouch (Hübner et al., 2013). Thus,
embryos from the first mating are always found at the posterior end of the pouch, while embryos
from the final mating are found at the anterior end (Hübner et al., 2013). Genotyped embryos
were spatially segregated based on maternity along the anterior-posterior axis in all three
multiple-maternity broods, as well as laterally (i.e. right to left) in male 5.8 (Figure 5.2B). None
of the maternal genotypes reconstructed from offspring profiles were recovered in the analysis of
adult pipefish, and no maternal genotypes were present in more than one brood, suggesting an
essentially monogamous mating system in this species.
Within the multiply mated males, the number of eggs transferred by females varied
widely. In the mid-season male (ID 4.6), 20 of the 32 genotyped embryos (62.5%) were from one
female, and the remaining 12 genotyped embryos (37.5%) originated from a second female,
suggesting that the first mother transferred approximately two thirds of the 505 embryos (Table
5.2; Figure 5.2B). The genotyped embryos of male 5.8 were split equally between two mothers,
indicating that each female contributed ca. 416 eggs (Figure 5.2B). The third male, ID 6.5,
carried only two genotyped embryos from the first female, suggesting that the second female
contributed close to 95% of the 863 eggs (Figure 5.2B).

DISCUSSION
One mate, many eggs
While brood sizes of S. fuscus are among the largest detected in Syngnathus spp.,
temporal sampling indicates that multiple mating by males is rare in this species. Among 27
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broods, we found one instance of multiple mating in a mid-season male (11%), and two instances
in the late-season group (22%). Paczolt et al. (2016) studied a single time point in late July at a
site in New Hampshire and found that 5 of 23 males (23%) mated with two females. Preliminary
parentage analyses investigating S. fuscus mating patterns along the Western Atlantic Coast
showed that at the northernmost site (Tracadie Bay, Prince Edward Island, Canada), one of eight
males mated multiply (the remaining seven were monogamous), whereas at the southernmost site
(Newport News, Virginia, USA), all analyzed males (N=7) mated with a single female (Riquet et
al., in prep.). Future work with larger sample sizes could confirm whether the frequency of
multiple mating changes along a latitudinal gradient in this species (controlling for seasonal
variation in sampling), as has been found in S. typhle (Rispoli and Wilson, 2008) and S.
leptorhynchus (Wilson, 2009).
While female fecundity was not explicitly measured in this study, average fecundity can
be assumed to be at least as high as male brood size given that in most cases, all embryos from a
brood were provided by a single female. We did not find evidence of polyandry in any of the
sampled broods, however our ability to detect multiple mating by females would require a much
larger sample of male broods (e.g. Mobley and Jones, 2013). Multiple mating by females has
been confirmed in S. scovelli (Jones and Avise, 1997a), the sister species of S. fuscus (Wilson et
al., 2003). S. scovelli is a highly dimorphic species with permanently ornamented females whose
reproduction is limited by male brood pouch capacity (Jones and Avise, 1997a). While female
reproductive output may exceed that of males in S. fuscus, the transient ornamentation in this
species may indicate that sexual selection is acting less strongly than in S. scovelli females, as
transient ornamentation is considered to be a signal of weaker sexual selection, compared to
permanent ornamentation (Jones et al., 2001).
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Average brood size for S. fuscus is 484 embryos (range: 185 to 958) in this study, but
exceeds 1000 embryos on occasion (Table 4.5). Average brood size in New Hampshire pipefish
was found to be smaller at 382 embryos (range: 234 to 769; Paczolt et al., 2016). Brood size in
the majority of Syngnathus pipefish is even smaller (e.g. S. floridae: 204-505 eggs, S.
leptorhynchus: 44-222, S. typhle: 44-268, S. scovelli: 16-66 (Mobley et al., 2011), but are
similarly large in S. schlegeli: 191-1919 (Sogabe et al., 2012). In contrast to S. fuscus, congeners
S. abaster, S. floridae, and S. typhle all exhibit multiple mating, despite moderate female
ornamentation and sexual dimorphism (i.e. larger, transiently-ornamented females) similar to S.
fuscus. These three congeners have polygynandrous mating systems, typically with two to three
mates per individual (Jones and Avise, 1997b; Jones et al., 1999; Hübner et al., 2013). Why,
then, is multiple mating so rare among S. fuscus males? We review three possible explanations
below.

1. Evolutionary conservation
S. fuscus is most closely related to the polyandrous S. scovelli (Jones and Avise, 1997a;
Wilson et al., 2003), and monogamous mating by males in these two species may be a shared
derived trait inherited from their common ancestor. Multiple mating by males is found in all
other species found in this group, for example. S. typhle, S. floridae, S. abaster, and S. schlegeli
(Jones and Avise, 1997b; Jones et al., 1999; Watanabe and Watanabe, 2001; Wilson et al., 2003;
Hübner et al., 2013). S. fuscus differs from S. scovelli in both body size and clutch size, as well
as in the degree of ornamentation (Table 5.2, Scobell et al. 2009), suggesting that these factors
have not influenced the prevalence of male monogamy in these species. In S. scovelli, however, a
single female produces enough eggs to fill the pouches of two males, which opens the door for
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polyandry in this species (Jones et al., 2001). Female reproductive output was not explicitly
measured in this study, and it is possible that S. fuscus females also produce enough eggs that
can fill the pouch of more than one male.

2. Sex ratios and mate availability
Mate encounter rate may also influence the opportunity for multiple mating. If finding a
second mate is unlikely due to low mobility and or low population density, the cost of mate
searching may outweigh the benefits associated with mating multiply (Whiteman and Côté,
2004). In our study, instances of multiple mating occurred toward the end of the season, as the
sex ratio became increasingly female-biased (Table 5.1), suggesting that males may modify their
mating behavior when the likelihood of encountering an additional mate is high. Limited female
availability in the earlier part of the season, however, may favor acceptance of a full clutch of
eggs from a single female. The shifting sex ratio documented here, and its potential impact on
the opportunity for multiple mating, emphasize the importance of considering mating patterns as
temporally dynamic systems. Future work aimed at manipulation of sex ratios under laboratory
settings would help clarify whether mate availability is an important determinant of mating
behavior in this group.
Mercer (1973) found that the sex ratio of S. fuscus shifted from male-biased to femalebiased over the season in seine collections from coastal Virginia. Interestingly, Mercer (1973)
saw that the sex ratio was equal in trawl collections from 1 to 27 m depth between April and
June, after which it became increasingly female-biased. These trawl data are consistent with our
parentage analysis, given that each male in our analysis mated with a unique female, suggesting
that there is at least a 1:1 ratio of breeding males to females in this population. Sex-based
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differences in habitat use have been documented for S. fuscus, with females occurring more
frequently than pregnant males in less favorable habitats (Roelke and Sogard, 1993). Males may
be constrained to shallow waters due to limited mobility while brooding (as in S. typhle;
Svensson, 1988) or in order to avoid predation while incubating a brood (Roelke and Sogard,
1993). Alternatively, they may prefer warmer waters while brooding, as males, but not females,
have been shown to have increased reproductive rates at warmer temperatures in a congener, S.
typhle (Ahnesjö, 1995).
The decrease in males observed in the second half of the breeding season may be due to
high mortality following parturition (Mercer, 1973), or a retreat to deeper water after breeding
(Lazzari and Able, 1990). The increase in females over the season, in contrast, may reflect an
attempt to locate mates in more shallow waters (Roelke and Sogard, 1993), or the maturation of a
younger cohort (given their smaller size; Figure 5.3) that preferentially inhabits warmer water
where developmental times are accelerated (Thresher et al., 2007).

3. Sexual size dimorphism
While a single female produces a sufficient number of eggs to completely fill the male
brood pouch in S. fuscus, a male could choose to accept fewer eggs from a greater number of
females, as in S. typhle and S. floridae (Jones and Avise, 1997b; Jones et al., 1999). Rispoli and
Wilson (2008), however, found that the number of females contributing to male broods in S.
typhle was negatively correlated with sexual size difference (female: male), indicating that
sexual size dimorphism may influence the frequency of multiple mating. As outlined above,
females of the polyandrous S. scovelli are larger than males and a single female can fill the
pouches of two males, and males mate monogamously (Jones et al., 2001). Interestingly,
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multiple mating in S. fuscus is found only later in the season, when the size differences between
males and females have decreased compared to earlier in the season. Decreases in female size in
the late summer are likely associated with reductions in fecundity, while the larger males active
at this time are presumably able to accept even more eggs. Future work manipulating mate size
under laboratory trials could indicate the extent to which fecundity and brood pouch capacity
influence the potential for monogamy in this group.
Somewhat surprisingly, we find that average female body size decreases over the season
while male size increases. This is in contrast to growth patterns in S. typhle, where sexual size
dimorphism increases over the season as females continue to grow while reproducing, while
male growth slows during brooding (Svensson, 1988). The pattern observed in S. fuscus may
indicate that larger female S. fuscus die soon after mating (Mercer, 1973), and are replaced by
the young of the year that have matured over the breeding season. In S. abaster, larger females
breed at the season onset, whereas smaller females mate towards the end of the season, owing to
reproductive exhaustion of larger females as the season progresses (Cunha et al., 2015). Offshore
collections of S. fuscus could clarify whether the absence of larger females at the end of the
season is due to mortality or a retreat into deeper waters not sampled during our study. The
absence of smaller reproductive males toward the end of the season may indicate that young-of
the-year males have not yet reached sexual maturity by the season’s end. Alternatively, youngof-the-year reproductive males may be further offshore. Given the frequency of onshore/offshore
migration in Syngnathus spp., more comprehensive spatial sampling may help to illuminate
demographic shifts relevant for understanding mating dynamics in S. fuscus.

Seasonal variation in S. fuscus
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The breeding season of the northern pipefish, estimated here to span from May through
September, is similar to that observed at a nearby site in New Jersey (Campbell and Able, 1998).
Campbell and Able’s (1998) findings were based on monthly and weekly collections from a
number of years (1931-1932, 1972, 1989-1993), and our demographic data are largely
concordant with these data. Peak breeding season differs, however, between these two studies.
We identified a distinct breeding peak in late July, whereas Campbell and Able (1998) found that
reproductive activity peaked in June at the New Jersey site. While differences in breeding habits
may reflect spatial differences between populations or year-to-year variation, the sites are
separated by less than 220 km and high gene flow has been documented across populations of S.
fuscus spanning much larger distances (Riquet et al., in prep.). If the breeding peak of this group
is indeed shifting to later in the season, this variation may reflect the influence of climate change
on water temperature and breeding habits (Kirby et al., 2006; Scheffers et al., 2016; Halupka and
Halupka, 2017). Additional work exploring the seasonal patterns of this group could clarify this
dynamic.

No genetic differentiation over time
Limited genetic differentiation was detected across SB temporal populations (global
FST=0.008), suggesting that the breeding population is composed of a temporally stable group.
Our results represent a preliminary assessment of genetic diversity in this population, however,
as sample sizes from temporal groups may not have been large enough to accurately estimate
allele frequencies (e.g. Hale et al., 2012 recommended sampling 25-30 individuals for
microsatellite-based population genetic studies). Additional work with increased sample sizes of
SB groups could provide greater clarity on population stability over time.
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CONCLUSION
Our data indicate that in spite of ecological variation during the reproductive season,
males rarely mate multiply in S. fuscus. By systematically sampling across the breeding season,
we have shown that monogamous mating is the norm for males in this species. We suggest that
this mating pattern may result from low mate availability due to a biased sex ratio, or sexual size
dimorphism in which female fecundity is sufficient to completely fill the male brood pouch. We
recommend laboratory trials manipulating mate availability and body size as next steps to
address questions related to the demographic and environmental determinants of natural mating
systems in this species.
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TABLES AND FIGURES
Table 5.1. Demographic data for field collections.
For each population (Pop.), salinity (Sal.), surface temperature (Temp.), sample sizes (N), and
total length (TL) in centimeters, mean (± S.E.) are reported. “NA”: length data unavailable. Mean
trunk thickness (TT; cm) recorded for females with visible distension of the anterior region of the
trunk.
Pop.

SB1
SB2
SB3
SB4
SB5
SB6
SB7
SB8
SB9
SB10
SB11
SB12

Date
06/12/
2014
06/26/
2014
07/10/
2014
07/24/
2014
08/11/
2014
08/27/
2014
09/09/
2014
09/28/
2014
04/29/
2015
05/14/
2015
05/28/
2015
06/16/
2015

Males,
pregnant

Males,
non-preg.

N

N

TL

N

6

13.95
(0.71)

5

1

NA

9

Sal.
( ‰)

Temp.
(°C)

26

15.6

34

26

23.3

24

26

22.2

31

30

22.8

23

24

24.4

19

30

25.0

6

30

20.6

4

31.5

21.1

33

TL
14.79
(0.25)
15.52
(0.40)
16.93
(0.25)
17.75
(0.44)
15.91
(0.61)
17.66
(0.90)
14.45
(0.47)

Females

0

8

0

9

0

41

0

44

0

50

0

0

26

11.1

0

1

29

16.1

16

30

15.6

60

30.5

20.0

38

13.56
(0.40)
12.83
(0.17)
14.28
(0.20)

31
10
0

14.9
12.15
(0.20)
11.99
(0.27)

1
7
9
5

Juveniles

TL

TT

17.9
(0.65)
18.61
(0.28)
19.8
(0.65)
19.44
(0.75)
16.91
(0.23)
16.77
(0.20)
16.92
(0.18)
16.60
(0.26)

0.80
(0.05)
0.82
(0.06)
0.93
(0.03)
0.89
(0.05)
0.60
(0.05)
0.42
(0.02)
0.41
(0.02)
0.40
(0.02)

17.3

0.60

16.62
(0.92)
16.82
(0.52)
17.78
(1.58)

0.56
(0.05)
0.59
(0.04)
0.76
(0.10)

N

TL

0
32
56
83
87
59
67
23
11
25
7
26

Total
N
45

7.65
(0.19)
8.87
(0.32)
10.34
(0.29)
11.28
(0.25)
12.88
(0.22)
11.90
(0.30)
11.68
(0.55)
11.45
(0.64)
11.18
(0.33)
11.18
(0.49)
5.45
(0.34)

66
95
115
147
109
121
49
13
79
86
69

TL
15.02
(0.27)
11.8
(0.60)
12.4
(0.49)
12.54
(0.40)
13.45
(0.28)
14.71
(0.24)
14.06
(0.29)
14.29
(0.45)
12.16
(0.73)
12.52
(0.24)
13.01
(0.20)
11.2
(0.58)
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Table 5.2. Individual males included in parentage analysis.
Egg stage based on development classification following Sommer et al. (2012). Minimum
number of mates (No. mates) estimated by GERUD 2.0.
Population

ID

Collection
date

TL
(cm)

Clutch
size

Egg
stage

SB2
SB2
SB2
SB2
SB2
SB2
SB2
SB2
SB2
SB4
SB4
SB4
SB4
SB4
SB4
SB4
SB4
SB4
SB5
SB5
SB5
SB6
SB6
SB6
SB7
SB7
SB7

2-1
2-2
2-3
2-5
2-6
2-7
2-8
2-11
2-13
4-2
4-6
4-7
4-8
4-1
4-11
4-12
4-13
4-14
5-1
5-2
5-8
6-1
6-4
6-5
7-1
7-2
7-4

06/26/2014
06/26/2014
06/26/2014
06/26/2014
06/26/2014
06/26/2014
06/26/2014
06/26/2014
06/26/2014
07/24/2014
07/24/2014
07/24/2014
07/24/2014
07/24/2014
07/24/2014
07/24/2014
07/24/2014
07/24/2014
08/11/2014
08/11/2014
08/11/2014
08/27/2014
08/27/2014
08/27/2014
09/09/2014
09/09/2014
09/09/2014

15.7
15
17.7
15.8
12.8
17.4
14.3
15.9
15.7
20
17.7
17.4
19
17.6
19.1
18.7
19
18.7
19.5
19.2
18.5
15.4
20
19.3
14.9
13.2
15.4

407
330
357
380
185
294
436
300
473
646
505
680
384
407
541
689
436
958
534
480
831
301
732
863
371
228
326

7
8
8
7
8
10
6
9
9.5
9
8.5
9
9
9
9
10
9
9
9
7
6
4
7
6
7
7
9

Eggs per
Seasonal No.
female
group Mates (inferred)
Early
1
407
Early
1
330
Early
1
357
Early
1
380
Early
1
185
Early
1
294
Early
1
436
Early
1
300
Early
1
473
Middle
1
646
Middle
2
316; 189
Middle
1
680
Middle
1
384
Middle
1
407
Middle
1
541
Middle
1
689
Middle
1
436
Middle
1
958
Late
1
534
Late
1
480
Late
2
416; 416
Late
1
301
Late
1
732
Late
2
54; 809
Late
1
371
Late
1
228
Late
1
326
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Table 5.3. Descriptive statistics for microsatellite loci included in this study.
Estimates are based on analysis of 94 individuals. The fluorescent label used for genotyping each
of the primer sets is indicated (Label). Number of alleles (Nall), allelic range, heterozygosity
estimates (expected: He, observed: Ho), and estimates of global FST and DEST are reported, with pvalues indicated in parentheses. Significant values (P<0.05) are shown in bold.
Locus

Label

Nall
22

Range
(bp)
138-245

Sabas3

PET

Sabas4

He

Ho

0.841 0.884

FAM

36

175-264

0.907 0.967

Sabas7

NED

25

171-286

0.895 0.937

Slep6

VIC

26

197-249

0.885 0.893

Slep9

FAM

8

282-300

0.478 0.481

Slep10

NED

6

245-269

0.518 0.223

Slep11

FAM

14

186-210

0.795 0.795

Styph12

NED

47

175-313

0.903 0.915

FST

DEST

Reference

0.005
(0.263)
0.004
(0.177)
0.002
(0.500)
-0.006
(0.331)
0.002
(0.161)
0.036
(0.001)
0.007
(0.217)

0.149
(0.090)
0.104
(0.154)
0.095
(0.139)
-0.057
(0.703)
-0.001
(0.462)
0.220
(0.009)
0.017
(0.363)

Diekmann et al.
(2009)
Diekmann et al.
(2009)
Diekmann et al.
(2009)
Wilson (2006)

0.002
0.127
(0.124) (0.294)

Wilson (2006)
Wilson (2006)
Wilson and
Eigenmann
Veraguth (2010)
Jones et al. (1999)
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Table 5.4. Genetic diversity estimates.
Genetic diversity at 7 time points across the 2014 breeding season based on 7 microsatellite
markers (locus Slep10 is excluded; see text). We report the number of individuals for each
sample (N), the mean number of alleles (Nall), allelic richness (Ar), expected and observed
heterozygosity (He and Ho, respectively), and the inbreeding coefficient (FIS).
Pop.
SB1
SB2
SB3
SB4
SB5
SB6
SB7

Collection
date
6/12/14
6/26/14
7/10/14
7/24/14
8/11/14
8/27/14
9/9/14

N

Nall

Ar

He

Ho

FIS

14
9
23
23
12
6
7

12.143
10
15.714
14.571
11
7
7.571

4.558
4.677
4.724
4.581
4.656
4.628
4.479

0.808
0.818
0.845
0.831
0.827
0.794
0.782

0.838
0.841
0.864
0.856
0.899
0.786
0.788

0.002
0.036
0.003
-0.007
-0.025
0.101
0.079
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Table 5.5. Pairwise FST and DEST.
Pairwise FST (unshaded) and DEST (shaded in grey) values estimated over 7 loci (locus Slep10 is
excluded; see text) for SB populations 1-7. Significant values (P<0.05) are shown in bold.
Population
1
2
3
4
5
6
7

1
0.002
-0.006
0.007
0.011
0.006
-0.008

2
3
0.012 -0.061
-0.011
-0.003
0.005 0.000
0.002 -0.002
0.001 0.001
0.005 0.002

4
5
0.032 0.078
0.051 0.028
-0.016 -0.066
0.040
0.003
0.024 0.014
0.006 0.006

6
7
0.076 -0.069
0.148 0.097
0.052 0.030
0.227 0.056
0.175 0.035
0.038
-0.004
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Figure 5.1. The evolution of sexual selection.
Schematic diagram representing the dynamic nature of sexual selection (after Clutton-Brock and
Parker, 1992 and Andersson, 1994). RPI influences the PRR, and both PRR and ASR determine
the number of males and females available to mate (OSR). The OSR indicates which sex limits
mating opportunities, which generates sexual selection in the competitive sex and also influences
the mating system. Unless every individual mates the same number of times, multiple mating
will increase variance in mating success, and successful individuals’ traits influencing
reproductive success will be the target of sexual selection.
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A.

B.

Figure 5.2. Embryo sampling method and parentage results.
(A) Embryo sampling method for temporal survey of mating behavior. Sixteen evenly-spaced
eggs from both the top and bottom of the pouch were extracted for genotyping for a total of 32
embryos per male, following Paczolt et al. (2016). (B) Parentage results from multiply mated
males.

142

*

*

*

1

2

3

*

*

*

10

11

Total length

20 —
15 —
10 —
5—
0—
4

5

6
7
8
SB Population

9

12

Figure 5.3. Total length of females, males, and juveniles in temporal samples.
Mean total length (cm) of S. fuscus individuals sampled over 12 time points (SB populations) at
Shinnecock Bay from June through September 2014 (SB 1-8), and from April to June 2015 (SB
9-12). Individuals are categorized according to demographic (female █ ; male █ ; juvenile █ ).
Dashed line: 2014- 2015 year division. Solid lines: SB population divisions. Asterisks indicate
populations in which females are significantly larger than males (Student’s t-test; data not
shown).
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Figure 5.4. Total length and brood size in males.
Total length and brood size in pregnant males included in parentage analysis (N=27). Regression
line is based on best-fit linear model (equation: y=-633.63+65.20x; R2= 0.47; P<0.001).
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